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Abstract: Cobalt(ll) has been utilized as an external paramagrhitidMR probe for the study of the structure

of dendrimers that possess specifically located metal recognition sites. The hyperfineXhiftttR signals

of the Co(ll) complexes of several 2,6-diamidopyridine-containing dendrimers have been fully assigned by
means of 1D and 2D NMR techniques, including NOE difference, EXSY, COSY, and TOCSY. Temperature-
dependent; values of the hyperfine-shifted signals were used to conclude that the-Gaghyrimer complexes

are in the “liquidlike” regime, indicative of a shell-like structure instead of a “dense-core” structure. The
presence of sizable cavities within the dendrimers was observed including a loosely packed conformation for
the 2,6-diamidopyridino moiety to bind to potential guest molecules. Cooperativity among the dendritic arms
in metal binding is also observed, whereby two dendritic arms bind to the metal center at the same time. In
the case of dendrimers with the metal binding site located near the surface of the molecule, such binding
cooperativity is still observed despite the large degree of freedom of the metal-binding moiety. Cooperativity
among the dendritic arms can thus be considered an intrinsic property, which has to be taken into consideration
in future design of functional dendrimers for the purpose of specific recognition and catalysis. The hydrodynamic
radii of these dendrimers have been determined by means of nuclear Overhouser effect at low temperature.
The study offers a method for the study of the dynamics of dendrimers in solution under different conditions
and upon ligand binding and recognition. The study also provides a tool for monitoring systematic variation
of the metal binding site in different dendrimer frameworks for specific applications, such as catalysis and

molecular recognition.

Introduction

“treelike” structures and are synthesized by repetitively linking
molecular building blocks AB(n usually 2 or 3) to a central
core! Since both the internal and external chemical function-
alities of dendrimers can be “tailored” to alter their physical
and chemical properti€’s} several potential applications have
been found for these polymers, including catalysiself-
assembly, and molecular recognition and encapsulafidror
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example, the incorporation of 2,6-diamidopyridikiebonding
sites into the internal regions of a polyamido dendrimer (Figure

g1) facilitates the selective encapsulation of “guest” molecules

such as barbituric acid and-8zido-2,3-dideoxythmidine (AZT)
into the interior of the dendrimérMoreover, modification of
the dendritic exterior is being explored to produce dendrimers
for chromatography additive’s,antibody conjugate$, gene
therapy? and electrically conducting materidfs.

The possibility of entrapping small molecules inside host
dendrimers has raised great interest in the structural and
chemical characterization of these unique macromoledéles;
however, detailed structural analyses of dendrimers by means
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Figure 1. Schematic structure of 13), 36 (4), and 108 §) acid (R= H) and este6—8 (R = tert-butyl) terminated polyamido dendrimers with
internal 2,6-diamidopyridino binding sites. The dendrim@ts5 have molecular weights of 2 162, 4 913, and 13 165 Da, respectively, and are
soluble in MeOH and hot water but insoluble in MeCN and benzene4aitichave molecular weights of 2 836, 6 933, and 19 225 Da, respectively,
and are soluble in most organic solvents including MeOH, MeCN;GHand benzene.

of X-ray crystallography and NMR spectroscopy have been sequestering small molecul¥s.in the latter case, a more

hindered by their size and fractal natdfeMultidimensional congested dendritic interior is proposed, in which the ends of
IH NMR techniques have not been able to resolve separatethe dendritic arms are not confined to the surface of the
signals for many of the internal protons of the dendrimer. molecule, but folded into the interié?. A recent review by

This lack of direct physical evidence for the structure of a Meijer and co-workers on the structure and properties of
dendrimer in solution has led to two different theoretical dendrimers gives an excellent description of these models and
treatments, either alense shell* or a “dense coré'® structure. provides an overview of the theoretical and experimental studies
In the former case, the arms of a dendrimer are fully extended to determine the location of dendrimer groups.
in solution radiating out toward the molecular periphery and  Several physical studies have since been presented to support
exhibit a “shell-like” sphere with hollow internal cavities and a the “shell” modell” such as a decrease in the nuclear relaxation
highly congested surface, and thus the dendrimer is capable oftime T; of guest molecules as a function of increasing dendrimer
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in and out of the larger PAMAM dendrimef& Moreover, the
“dendritic box” mode}® was proposed for entrapping Bengal
Rose andp-nitrobenzoic acid guest molecules inside a poly-
(propylenimine) dendrimer (PPI) using.gohenylalanine cap-  this dendrimer family for the investigation of structural features
ping derivative, where the guest molecules could only be of dendrimers are (1) the diamidopyridino metal-binding site
removed from the host dendrimers when the surface groups arecan be readily incorporated into many different dendritic loci
removed. It was also shown that the number of guest moleculesfor site specific structural analysis, and (2) the metal binding is
entrapped was roughly proportional to the void space within quite kinetically labile, which permits the use of saturation
the PPI dendrimers, supporting the “shell-like” conformation. transfer NMR techniques for the characterization of the metal-
The “dense core” model has also been Supported by Severalbinding environment. We report herein NMR studies of several
physical studie$® The 13C and2H relaxation properties of  diamidopyridino-containing dendrimers with the metal-binding
PAMAMs along with heteronucleat’C—H NOE measure- site near the core and surface of the macromolecules. These
mentg° afford the average correlation times for the description Studies shed light on the mobility and cooperativity of the metal-
of the segmental motions of protons in the interior and exterior binding dendritic arms. Flexibility in both the synthesis and
regions. There was no anomalous suppression of functionalstructure of these dendrimers has facilitated the detailed study
group mobility for thel3C carbons located near the dendritic Of their solution structure. Characterization and understanding
surface that would support the “dense shell” model. Only dense Of the internal microenvironment of dendrimers, as well as the
packing in the interior regions was noted as a significant gradual location and mobility of the dendrimer end groups, are critical
decrease in mobility of the interior chains in the dendrimers for further development of suitable applications.
was observed. Recent studies of a dendrimer with a paramag-

The diamidopyridino dendrimers can be readily synthesized
and have been previously examined for specific H-bonding to
glutarimide and barbituric aciiThe main advantages of using

netic FeQSy(SR),?~ core revealed significant decreasesTin
values for protons located in both the interior and exterior

Experiment Procedures

Chemicals and Sample PreparationsDendrimers with internal

regions, suggesting that the dendritic arms are folded back into diamidopyridino binding sites were synthesized according to previously

the core?! Since the efficiency of paramagnetic contribution to

published procedurésThe schematic structures of a few dendrimers

nuclear relaxation rates is a function of the distance betweenin this family are shown in Figure 1. The dendrimer with diamidopy-

the resonating nucleus and the metal center Iel] ry—wS),
the decrease iy values reflects that the termini are close to
the paramagnetic core. It should be noted that #HeNMR
signals were not significantly hyperfine-shifted in this study.

ridino binding sites near their surface was synthesized by coupling the
alkylamine building blockB-NH; to the terminal carboxylic acids of
polyamido dendrimerA (eq 1) using standard peptide coupling
conditions as previously reporté& Two polyamido dendrimers with

12 and 36 2,6-diamidopyridino groups bound to the surface have been

An interconversion between the “dense shell” and the “dense synthesized and characterized with 1D and 2D homo- and heteronuclear
core” models under different conditions has also been suggestedNMR and mass spectroscopﬁ%@/\/hich will be reported elsewhere),
For example, a pH dependence of the hydrodynamic radii of The 12 and 36 “external diamidopyridino dendrimers” (V¥4 465
acid terminated polyamido dendrimers has been demonstratechnd 13 464 Da, respectively) are soluble in MeOH and:@l

by means of NMR measurement of molecular diffusién

these experiments, the “dense core” configuration is promoted

at low pHs and is characterized by smaller hydrodynamic radii,

whereas the hydrodynamic radii increase under neutral pH

conditions supporting the larger “dense shell” configuration. The

possibility of changing the size and shape of dendrimers by
altering experimental conditions, such as temperature, salt

concentration, and pH has also been néfel.recent Monte
Carlo computer simulation reveals that polyelectrolytic den-

drimers should transform from a dense shell to a dense core

configuration when the ionic strength of their solvents is
increased*
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All reagents were purchased from Sigma-Aldrich Chemical Co.
(Milwaukee, WI). Cobalt(Il) nitrate or chloride was titrated into the
diamidopyridino dendrimers in either MeOH or MeCN to produce the
paramagnetic Co(ltydendrimer complexes for thid NMR studies.
The presence of 1/4 equiv of Co(ll) per dendrimer affords a cletin
NMR spectrum, which represents the 1:1 Coflilendrimer complex,
devoid of complexes with multiple Co(ll) binding to the dendrimer.

Nuclear Magnetic Resonance ExperimentsH NMR spectra were
acquired on a Bruker AMX360 and a Bruker DRX250 spectrometers.
Samples were prepared in @DD, CD;OH, CD;CN, or other appropri-
ate solvents. ThiH NMR chemical shifts were referenced to an external
TMS (tetramethylsilane) standard. The #DNMR spectra of samples
with upper mM concentration were acquired wB K data points, a
90° pulse, =800 transients, and a 15800 ms recycle time. Either a
Gaussian or an exponential window function was applied to the free
induction decay (FID) prior to the Fourier transformation to improve
the resolution or signal-to-noise ratio. The “super WEFT” pulse
sequenc¥® D;-180°-D-90° was employed for acquiring spectra of
samples prepared in GDH, where O and D, were short delay times
which were appropriately adjusted to minimize the solvent;QiD
signal.

(26) Inubushi, T.; Becker, E. Dl. Magn. Reson1983 51, 128-133.
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In the presence of chemical exchange, such as the binding of a
paramagnetic metal ion to a ligand L to form a labile ML complex, M
+ L = M-—L, NMR saturation transfer can occur between the
paramagnetic ML complex and its diamagnetic counterpart L. This

can be studied with the saturation transfer techniques used for the
detection of the nuclear Overhauser effect (NOE), such as 1D exchange

difference spectroscopy(with the decoupler set on and off the signal
of interest) and the 2D EXS¥ pulse sequence (E90°-71-90°-Tmix-
FID). The 1D difference spectra, presented here, were acquired with 8
K data points and processed with 880 Hz line broadening via
exponential multiplication before Fourier transformation. The 2D EXSY
spectra were acquired with 1 K 256 data points and a 260 ms
mixing time, then zero-filled to 1 Kx 1 K data points, and with a
45—-60° shifted sine-squared-bell window function applied in both
dimensions prior to Fourier transformation, followed by baseline
correction.

The 2D TOCSY and COSY spectra employed %kK512 data points
for diamagnetic samples and 1K 256 data points for paramagnetic
samples. Several COSY spectra were acquired with 51128 data
points to decrease the acquisition time and increase the number of scan

for the detection of coherence transfer between/among the very broad
hyperfine-shifted signals. The decoupler was used for solvent suppres-

sion for samples prepared in @DH. A 45—-60° shifted sine-squared-
bell window function was applied to both dimensions prior to Fourier

transformation and processed in phase-sensitive mode without sym-

metrization in TOCSY spectra. A°Ghifted sine-squared-bell window
function was applied to both dimensions in COSY spectra prior to
Fourier transformation and processed in the magnitude mode and
followed by symmetrization. Recycle times for 2D spectra were
typically 150-250 ms for the paramagnetic Co(Hilendrimer com-
plexes.

Nonselective proton spiflattice relaxation timesT) for all the
Co(ll)—dendrimer complexes were acquired by the use of the inver-
sion—recovery methotl (D;-18C°-7-90°-FID) with 16 differentr values
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Figure 2. 'H NMR spectra at 250.13 MHz of 2,6-diamidopyridino-
containing moleculed (A), 2 (B), 9 (C), and6 (D) in CD;OD at 298

K. The dendrimers in (A) and (B) have 1 equiv of Co(ll) added, and
1/4 equiv of Co(ll) in (C) and (D). The asterisked signals are solvent
exchangeable.

sharper signals; however, they did not bind to the diamidopy-
ridino moieties of the dendrimers studied here. Nickel(ll), which
also possesses a favorable electron relaxation time 016
10712 s, was also examined, but it did not provide sharp
isotropically shiftedH NMR signals for convenient study. The
structures of different regions of a dendrimer can now be

and determined by a three-parameter fitting program on the spectrom-examined by selectively incorporating metal-binding sites into
eter. Because the paramagnetic contribution to the nuclear relaxationthe macromolecule. For example, the internal cavities of a
times (T12v) in paramagnetic metal complexes is dependent upon the dendrimer can be examined by synthesizing a dendrimer with

sixth power of the metatnucleus distancer—y), relative distances

can be obtained with respect to a reference distance from a well-defined

nucleus, i.e.fv-n = (Tim/Timre)™® X I'm—nrer. The meta proton on the
rigid pyridine ring at 20.1 ppmT; = 39.1 ms) was chosen as the
reference proton. The reference distance of 5.08 A was obtained by
building a model of the metal-binding site of the CofiB,6-
diamidopyridine complex with the Co(H)N bond set to be 2.0 A on

the Ceriud molecular modeling program (Molecular Simulations, San
Diego, CA).

Results and Discussion

The paramagnetic metal ion Co(ll) has been used, as an NMR
probe, for the characterization of the structure and function of
biomolecules and synthetic metal complexes because it ha
favorable NMR properties. The electron relaxation time of hig
spin Co(ll) is approximately 101-10"1? s, resulting in
relatively sharp paramagnetically shifted (also dubbed as
isotropically or hyperfine-shifted}H NMR signals3® Since
broad overlappingtH NMR signals have hindered detailed
analysis of the structures of dendrimers, the examination of the
hyperfine-shifted'H signals observed for Co(ll)-bound den-
drimers offers a logical alternative and is discussed in this paper.
Lanthanides such as ¥b and Dy with shorter electron
relaxation times of 102 to 10713 s would have provided even

(27) Sanders, J. K. M.; Mersh J. Brog. Nucl. Magn. Reson. Spectrosc.
1982 15, 353-400.

(28) (a) Jeener, J.; Meiser, B. H.; Ernst, R.JRChem. Physl979 71,
4546-4553. (b) Meier, B. H.; Ernst, R. Rl. Am. Chem. S0d.979 101,
6441. (c) Boyd, J.; Brindle, K. M.; Campbell, I. D.; Radda, G.XXMagn.
Reson.1984 60, 149-176.

(29) (a) Vold, R. L.; Waugh, J. S.; Klein, M. P.; Phelps, D.JEChem.
Phys.1968 48, 3831-3832. (b) Banci, L.; Luchinat, Gnorg. Chim. Acta
1998 275-76, 373-379.

a metal binding site close to its core, while the incorporation
of binding sites near the dendritic surface permits a structural
analysis of the dendritic exterior.

A. Simple Amidopyridino Ligands as Models. Co(ll)
Complexes of N-(6-Propionylaminopyridin-2-yl)propiona-
mide (1). The simple compound containing an amidopyridine
moiety N-(6-propionylaminopyridin-2-yl)propionamide was pre-
pared and characterized with NMR as described previgusly
(Figure 2A). This molecule has the same metal binding site (i.e.,
a 2,6-diamidopyridino group) as all the dendrimers described
in this report (Figure 1 and eq 1). Thus, the Co(ll) complex of
this small molecule is ideally suited as a model system for Co-

(Il) complexes of those larger dendrimers. The formation of a
h 1-to-1 metal-to-ligand complex is conclusively established with

a Job plot at 380 nm (Figure 3A), in which the maximum
absorbance is observed at ligand mole fraction of 0.5, i.e., at
Co(ll):1 = 1:1. This binding stoichiometry corroborates previous
assignment based on chemical shifts of hyperfine-shiftéd

(30) (a) Bertini, I.; Luchinat, CNMR of Paramagnetic Molecules in
Biological System$Benjamin/Cumming: Menlo Park, CA, 1986. (§MR
of Paramagnetic Molecule8erliner, L. J., Reuben, J., Eds.; Plenum: New
York, 1993. (c)NMR of Paramagnetic Molecules: Principles and Applica-
tions La Mar, G. N., Horrocks, W. D., Jr., Holm, R. H., Eds.; Academic:
New York, 1973. (d)Nuclear Magnetic Resonance of Paramagnetic
MacromoleculesLa Mar, G. N., Ed.; NATO-ASI: Kluwer: Dordrecht,
Netherlands, 1995. (e) Bertini, I.; Luchinat, Coord. Chem. Re 1996
150. (f) Ming, L.-J. Nuclear Magnetic Resonance of Paramagnetic Metal
Clusters in Synthetic Complexes and Proteins.Physical Methods in
Bioinogranic Chemistry, Spectroscopy and MagnetisQue, L., Ed,;
University Science Books: CA, 2000.

(31) Epperson, J. D.; Ming, L.-J.; Woosley, B. D.; Baker, G. R,;
Newkome, G. RInorg. Chem.1999 38, 4498-4502.

(32) Polster, J.; Lachmann, Fspectrometric Titratios; VCH: New
York, 1989.
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Figure 3. The Job plots (at 380 nm) that determine the stoichiometry
of the Co(ll) complexes of (A) and9 (B). A 1:1 complex is formed

in A whereas a complex with Co(ll)-to-dendritic arm ratio of 1-to-2 is
formed in B.
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Figure 4. 'H EXSY spectrum (250.13 MHz, 298 K, mixing time 30
ms, and a recycle time of 193 ms) of a 1:1 Cofi® complex in CQ3-

OD, which shows a correlation between the hyperfine-shifted signals
of the Co(ll) complex with the diamagnetic signals of the free ligand.
The signals labeled with primes are due to a small amount of 1:2 Co-
(I1) =2, complex. The inset shows COSY identification of a few signals
in the diamagnetic region.

NMR features of the complex. A 1:2 Co(H)l, complex can

be formed only in the presence of a large exces$ @f 1200
equiv) which can be detected with an electrospray mass
spectrometer ([M+ H]*, m/z 502.4). Three new hyperfine-
shifted 'H NMR signals appeared at 47.0 (methylene), 29.2
(methylene), and 23.1 (methyl) ppm in the 1:2 complex as
indicated previously!

N-(6-Aminotris(tert-butyl ester)glutrarylaminopyridin-2-
yl)propionamide (2) and Its Co(ll) Complex. This molecule
represents a model for one of the four central arms of the 12-
ester polyamido dendrimer with internal diamidopyridino bind-
ing sites discussed below. The Co(Il) complexes of this molecule

can also serve as models for the Co(ll) complexes of those larger

amidopyridino-containing dendrimers. The hyperfine-shifted
NMR signals (Figure 2B) for the Co(H)2 complex can be
assigned with a 2D EXSY experiment (Figure 4) as the complex
undergoes chemical exchange with the free ligaimdsolution;

i.e., the signals at 32.4 and 31.5 ppm are assigned to the

methylene @H, protons; 15.1 ppm, €, protons; 13.2 ppm,
methyl protons; 38 ppm, pyridina-protons; and 8.8 ppm,;B>

protons. It should be noted that the methylene and methyl signals

and the pyridine ring protons of this complex have similar
chemical shifts to the corresponding protons in the 1:1 Ce(ll)

J. Am. Chem. Soc., Vol. 123, No. 35, BER/

complex (Figures 2A and B), suggesting the formation of a 1:1
Co(ll)—2 complex. Several smaller peaks are also observed for
Co(ll)-2 at 47 (H), 46.5 (B), 28.5 (d/f'), 25 (i), and 22 (§

ppm (Figure 4) which are similar to those of Cofif},,3!
consistent with a 1:2 Co(lf)2, complex. This complex
undergoes chemical exchange with the free ligand according
to the equilibrium Co(ll}-2; == Co(ll)—2 + 2 as shown by the
cross-peaks 1, 2, 6, 7, 8, and 11 in the EXSY spectrum.

B. Dendrimers with Internal Diamidopyridino Metal-
Binding Sites. The IH and 3C NMR spectra of the 12-, 36-,
and 108-acid-3, 4, and5 in Figure 1) and ester-terminate@} (

7, and8 in Figure 1) dendrimers in CDglnd CQXCN have
been previously reportédThe chemical shifts of thtH NMR
signals changed slightly under the conditions employed here
(in DsCOH and RCOD) and can be easily assigned by
comparing their 1D and 2D NMR spectra with those previously
assigned.

IH NMR Spectrum of 1:1 Co(ll) —6. By adding 1/4 equiv
of Co(ll) to dendrimer6, a 1:1 Co(ll):dendrimer complex is
formed, and its'H NMR spectrum is presented in Figure 2D.
In this case, only the dendrimer molecules which bind Co(ll)
would show hyperfine-shiftedH NMR signals, which have
previously been fully assigned by the use of 1D and 2D (COSY,
TOCSY, and EXSY) NMR techniquéd Briefly, the signals at
59.4/29.5, 46.6/45.4, 26.7/17.5, 22.1, 11.6/9.14, and 12.9 ppm
are assigned to the gemina)Lie/a bea j, @ra and k protons,
respectively; the signals at 23.1/20.1 and 1.4 ppm, the pyridine
ring metaprotons andpara-proton; the signals at10.3 and
—20.5, the solvent exchangeable 2,6-pyridinoamide NH protons
of the Co(ll)-bound arms; and the signals at 10.9 and 10.5 ppm,
the 2,6-pyridinoamide NH protons of the two “proximal”
noncoordinated dendritic arms. The other two arms not directly
bound to the metal ion also exhibit significant isotropic shifts,
since they are close to the metal-bound arms and gain significant
isotropic shifts through the dipolar mechanism. The average
chemical shifts of the geminal protons are very similar to those
of the corresponding protons in Co}, and Co(ll}-2,,
indicating the formation of complexes with one Co(ll) bound
to two dendritic arms.

IH NMR Spectrum of a 1:1 Co(ll)-Bound Tetrakisdia-
midopyridino Dendrimer (9). For the purpose of a complete
comparison, the dendrimer-mimicking tetrakisdiamidopyridine
9 was also prepared according to previous procedivésich
does not possess the terminal “Behera’s amine” building blocks
(Figure 1). This compound represents a simple model for the
joining of four N-(6-propionylaminopyridin-2-yl)propionamide
ligands1 to a four directional core. It is also instructive to
compare the Co(ly9 complex to the Co(Ih-6 complex studied
previously! to see how the terminart-butyl esters ob affect
the metal binding property and the coordination sphere.

The hyperfine-shiftedH NMR signals for the 1:1 Co(IK-9
complex (Figure 2C) are fully assigned by the use of EXSY,
TOCSY, and COSY techniques. The EXSY spectrum (Figure
S1, Supporting Information) revealed cross-peaks between the
hyperfine-shifted signals and their corresponding diamagnetic
signals. For example, the signals at 63) @nd 29 ppm (9
give cross-peaks to their diamagnetic counterparts at 2.4 ppm
and cross-peaks to a signal corresponding to the same protons
on the metal-free proximal arms of the complex (cross-peaks
3eaand 3, respectively). The rest of the hyperfine-shifted signals
are assigned as shown in Figures S1. This complex display
spectral features similar to those of Coft§ (Figure 2D),
suggesting that the structure of the metal binding environment

(33) He, E., Ph.D. Dissertation, 1998, University of South Florida.
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Figure 5. *H NMR spectra at 250.13 MHz of Co(ll) complexes ®f ppm 50 40 30 20 10

(A), 4 (B), and5 (C) in CD;OH and 25°C. The asterisked signals are  Figure 6. 'H EXSY spectrum (250.13 MHz, 298 K, 1 K 256 data

solvent exchangeable. Broader signals are observed for the largerpoints, mixing time 20 ms, and a recycle time of 133 ms¥dfi the

dendrimers as a result of an increase in the molecular size. presence of 1 equiv of Co(ll) in GOD. The primed labels are cross-
peaks due to exchange counterparts on the proximal unbound dendritic

of the two complexes are quite similar. The most noticeable arms.

feature in the spectrum for the CofH complex is the presence

of a large methyl signal at 21 ppm (signal j, Figure 2C). The which exhibit cross-peaks to their counterpart diamagnetic signal

chemical shift of this signal indicates that a 1-to-2 metal-to- at 2.4 ppm (cross-peaks/3, in Figure 6). They also show

dendritic arm complex is formed when compared to Ce(ll) EXSY cross-peaks to a signal for the same protons on the

and Co(Ily-2 complexes (Spectra A and B, Figure 2). Further- proximal arm not bound to the Co(ll) ion at 3.36 ppm (cross-

more, the Job plot clearly shows a 1:2 ratio for the metal with peaks 3. Other signals can also be assigned accordingly as

respect to the dendritic arms, in which the maximum absorption shown in the figure.

occurs at mole fraction ratio of Co(ll):dedritic arm1:2 (Figure The short nuclear relaxation times and the small size of the

3B). To have a systematic view of this family of dendrimers, complexes Co(l1}-9, Co(ll)—3, and Co(ll-6 (MW = 742,

the Co(ll) complexes of the 12-, 36-, and 108-acid diamidopy- 2162, and 2836 Da, respectively) discussed above precluded

ridino dendrimers have been further investigated and discussedthe use of the NOE techniques for a more detailed structural

below. analysis of these dendrimers because NOE intensity in para-
IH NMR Spectrum of a Co(Il) —12 Acid Diamidopyridino magnetic macromolecules is proportional to the rotational
Dendrimer (3). By adding 1/4 equiv of Co(ll) to dendrimé& correlation time and inversely proportional to the nuclear

(Figure 1) in RCOD, a Co(ll):dendrimer complex can be relaxation rate$* Therefore, only larger Co(lfydendrimers,
detected and it53H NMR spectrum is presented in Figure 5A. such as Co(IP-4, can be potentially studied by the use of the
The overall spectral features of this complex are very similar NOE techniques, which was also demonstrated in our previous
to those of Co(ll)-6 and Co(ll)}-9 (Figure 2), indicating the  study on Co(ll}-7 complex3! The axial and equatorial con-
formation of a complex with Co(ll) bound to two dendritic arms  figurations of the—CyH,—C:H,— protons in Co(ll}-4 have
and that the removal of the terminal ester groups does notbeen fully established based on NOE interactions (Figure 7),
significantly affect the internal structure of the diamidopyridino in which only the equatorial proton pair@nd k) exhibit
dendrimer. No new hyperfine-shifted signals are detected, significant NOEs (Figure 7A), but not the axiatquatorial pair
indicating the lack of binding of the terminal acid groups to (c.and k). However, no clear NOE is observed between protons
the Co(ll) ion. The 2D EXSY spectrum of this complex (Figure i and j (Figure 7B), which may be caused by the faster local
S2, Supporting Information) concludes its signal assignment, motion of these protons located farther from the rigid core than
which is almost identical to that of Co()6.3! As in the case protons b and c. Since j has a longer relaxation time (21.2 ms)
of Co(ll)—9 discussed above, signals due to the metal-free armsthan that of i (14.5 ms) at 293 K, it should exhibit more intense
of the complex are also slightly shifted in the EXSY spectrum NOE signal than pif their rotational correlation times are the
due to their closeness to the metal bound by the other two armssame3%-34However, we observed the opposite which indicates
of the same molecule. a faster motion of j than the “inner proton’.b

IH NMR Spectrum of a Co(ll) —36 Acid Diamidopyridino 1H NMR Spectrum of a 1:1 Co(ll) —108 Acid Diamidopy-
Dendrimer (4). Upon the addition of 1/4 equiv of Co(ll) to  ridino Dendrimer (5). By the addition of small amounts of
the 36-acid diamidopyridino dendriméya Co(ll)-4 complex  Co(ll) (<1/4 equiv per dendrimer) to the much bigger dendrimer
is formed, and itd8H NMR spectrum is presented in Figure 5B. 5 (see structure in Figure 1), a 1:1 Co(ll):dendrimer complex
The spectrum is similar to those of Co(H} and Co(lly-6 is formed, and itéH NMR spectrum is presented in Figure 5C.
complexes (Figures 5A and 2D); however, the signals are The hyperfine-shiftedH NMR signals for this complex are
broader for this complex, and some of the signals are partially much broader than those of the Co(ll) complexes of the 12-
overlapped, which prevented thorough investigation in our and 36-acid dendrimers (Figures 5A and 5B); however, two
previous study! By appropriately choosing the acquisition adjacent geminal pairs can still be identified (i.e., the cross-
parameters in the EXSY spectrum, chemical exchange cross-peaks 1 and 3 for the pairs and the peak 2 between these adjacent
peaks can be detected between those of the complex and the

; ; i ; (34) (a) Neuhaus, D.; Williamson, M. Fhe Nuclear @erhauser Effect
free dendrimer which allow signal assignment to be completed in Structural and Conformational Analysi¥CH: New York, 1989. (b)

(Figure 6). For example, the methylene protoggan the Co- Noggle, J. H.; Schirmer, R. Ethe Nuclear @erhauser EffectAcademic:
(IN-bound dendritic arms are detected at 60.2 and 28.2 ppm, New York, 1971.
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Figure 7. 'H NMR spectrum (250.13 MHz) of in the presence of 1 ¢ e, R
equiv of Co(ll) in CD;OD at 293 K, and the 1D NOE difference spectra : : : :
of the complex with the 61.2 ppm signals (A) and the partially pPm 50 40 30 20 10
overlapped signals at 48 and 46 ppm (B) saturated for 50 ms. Crossgjgure 9. EXSY spectrum (250.13 MHz, 298 K, 1 K 256 data
relaxation between protonisand] is barely seen. points, mixing time 20 ms, and a recycle time of 133 ms10fn the

presence of 1 equiv of Co(ll) in GOD. The signals at 24 and 13

i b j9bg ppm show cross-peaks to the same diamagnetic signal at 1.3 ppm (cross-
Ce e/a Cale peaks 8 and 10) assigned to the terminal methyl protons (Q). Two sets

r of signals are also present for other protons for the complexes with

' 2 3 @M Co(ll):dendritic arm ratios of 1:1 and 1:2, as observed in the Co(ll)
20 complexes of (Figure 4).
e & @ |la0
L 40 when compared with the signals of Co(H} of a similar
@ | molecular size.
0 It is important to note that all of the methylene geminal
P “n s |60 protons in this sample are magnetically equivalent and show
: . . . . _ L pem only single peaks in contrast to the Co(ll) complexes of the
60 50 40 30 20 ppm dendrimers with internal diamidopyridino binding sit&s-g).

Figure 8. 'H NOESY spectrum (250.13 MHz, 298 K, 1 K 256 data This observation indicates that a greater degree of rotational
points, mixing time 30 ms, and a recycle time of 243 ms) of Ce(H) freedom is present in the external portions (surface) of the
in CD;OD. dendrimer than in the inner regions (core). Furthermore, in
contrast td—8 which possess internal diamidopyridino and bind
pairs in Figure 8). The similar chemical shifts of the Co(ll) =~ Co(ll) with two of their dendritic arms with a great cooperativity
complexes 08, 4, 5, 6, and9 suggest that the internal structures  and those small ligandsand2 which preferentially forms 1:1
of these dendrimer do not change significantly and that metal:ligand complexes and lack ligand binding cooperativity,
complexation to metal ions (or guest molecules) may occur in complexes with Co(ll) bound to both one and two dendritic
these dendrimers in the same manner, despite their dramaticallyarms are clearly observed f®. This observation indicates that
different sizes. The lack of vicinal NOE interaction between i ligand binding cooperativity of the functional groups on the
and j suggests that these protons may still have a large degreelendritic arms becomes smaller when they are farther away from
of freedom that affords significant local motion to decrease the the core, which provides a hint for future synthesis of functional
NOE. This NOE detection revises the previous assignment of dendrimers when cooperativity is needed between/among the

the two magnetically inequivalent,8, protons. dendritic arms.
C. Co(Il)-Complexes of Dendrimers with External Dia- D. Co(ll) Titration to 12-Ester Diamidopyridino Den-
midopyridino Binding Sites. *H NMR Spectrum of a Co- drimer 6. Titration in Methanol. The titration of Co(ll) to

(I) =12 External Diamidopyridino Dendrimer (10). Co(ll) dendrimer 6 in MeOH is presented in Figure S3 in the
was found to bind td0possessing 12 2,6-diamidopyridino sites  Supporting Information. Upon addition of 1/4 equiv of Co(ll)
(structure in Figure 9) which affords % NMR spectrum in (i.e., [Co]/[dendrimer}= 1/4), several hyperfine-shifted signals
Figure 9 (top trace); however, the exact metal-to-ligand stoi- can be clearly detected in the spectral region of 68625 ppm
chiometry could not be determined by the Job plot. Nevertheless, (Figure 2D). At this Co(ll) concentration, there is at most only

a mixture of two species was observed by comparing th¢ir ~ one Co(ll) bound per dendrimer molecule. When 1 equiv of
NMR spectral features with those of the Co(ll) complexes of Co(ll) is reached, several new signals begin to appear, such as
3—6 as discussed above. The signals can be fully assigned withthe two weak signals at 61 and 58 ppm. This suggests that some
an EXSY experiment as indicated in Figure 9. The overall dendrimer molecules bind one Co(ll) ion, and some may bind
spectral features of the major species resemble those of Co-+two Co(ll) ions. It is important to note that the chemical shifts
(I)—1 and Co(ll)-2 complexes (Figure 2B), which reflects the of the hyperfine-shiftedH NMR signals are still comparable
formation of a complex with Co(ll) bound to only one dendritic  to those of the 1:2 complex Co(I1y, consistent with each Co-
arm. However, the binding of Co(ll) to two dendritic arms is  (Il) binding to two dendritic arms 06.

more prevalent inlO (primed labels) than il and 2. The By the time 4 equiv of Co(ll) are added, several new
presence of chemical exchange among the two complexes andhyperfine-shifted signals appear including two signals at 38 and
the metal-free form may have contributed to signal broadening 38.5 ppm and two solvent exchangeable signals in the upfield
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signals give saturation transfer peaks to the aromatic pyridine B LY | R
signal at 7.64 ppm, indicating that they are the pyridine ring -
meta protons. The chemical shifts of these signals are consistent
with the 1:1 Co(ll)1 complexes for pyridine ring meta protons
(signal d, Figure 2A). This result indicates that a greater amount
of Co(ll) is bound to only one dendritic arm at higher Co(ll)
concentrations, which overcomes binding cooperativity of
dendritic arms. However, the 1:2 CotHjlendritic arm complex

is still prevalent even in the presence of 4 equiv of Co(ll) per
dendrimer molecule, indicating a great metal binding cooper-
ativity of the dendritic arms.

Titration in Acetonitrile. The titration of Co(ll) to6 in
MeCN is presented in Figure S4, Supporting Information. Unlike
the titration in MeOH described above, a “clean” spectrum is
observed even when 4 equiv of Co(ll) have been added. New opm 20 -0 5
signals corresponding to the complex with one Co(ll) binding

e - Figure 10. (A) *H COSY spectrum (250.13 MHz, 298 K, 1 K 256
to only one dendritic arm do not appear until a large excess data points, 6 ms acquisition time, and a recycle time of 156 ms) and

amoun_t of Co(ll) h_as been ad_ded, e.g., the Weak signalat B) H EXSY spectrum (250.13 MHz, 298 K, 1 K 256 data points,

ppm with 100 equiv of Co(ll) introduced. This result suggests mixing time 30 ms, and a recycle time of 243 ms) of Co@#)(labeled

that MeCN hinders the binding of Co(ll) to only one dendritic  with prefix “1”) and Co(I1)-6 (labeled with “2”) in CD,CN. The two

arm, that lead to an apparently simultaneous binding of two new signals at 18 and 27 ppm can be clearly assigneddg &hich

dendritic arms to one Co(ll) to exhibit a nearly complete show COSY cross-peak 7 to each other and to adjacentiflt anti

cooperative binding. This observation also indicates that solvent configuration (peak 3). COSY cross-peaks betweenlédal their

has to be taken into consideration in future studies of the binding adjacent methylene protons 142se detected (3 and 4 in A). The latter

properties of metal ions and guest molecules with dendrimers. a?ggl)siA”é;g‘Ys?gV;n‘golsls‘iﬁe;‘;‘z;% tggrs:i%::ttly: (%eg‘r:g"’g ?r?gr)]ers
*H NMR Spectrum of Co(ll) »~6. By adding excess Co(ll)  Te inner methylene &, protons signals of Co(l§)-6 can also be

(~20 equiv) to6 in MeCN, a 2:1 Co(ll)—dendrimer complex  assigned to be at 13, 11.7, and 9.6 ppm in the EXSY spectrum (cross-

is partially formed (Figure S4), wherein two Co(ll) ions are peaks 24, Figure S4 in Supporting Information). The hyperfine-shifted

bound to four dendritic arms. The newly appeared signals at signals of both sets of Co(ll)-coordinated dendritic arms are overlapped

27 and 18 ppm can be assigned to Ce{th, and serve as the  at 22 ppm for the pyridine ring meta protons (1 ang)2A COSY

initial point for the assignment of other signals as shown in cross-peak is noted between the signals at 22 and 1.5 ppm (peak 10),

Figure 10 (labeled with a prefix “2"). The chemical shift values ~corresponding to the para proton on the pyridine ring. The COSY

of the isotropically shiftedH NMR signals are consistent with spectrum also reveals cross-peaks among the three pairs of adjacent

. " . methylenes further away from the core, i.eaalPRie/s 1/2j, and 1/2k
the binding of one Co(ll) to two dendritic arms as observed in (5, 6, and 9 in B) for both 1:1 and 2:1 complexes. Three upfield solvent

the spectra of the_ comple>_<es Coft), and Co(ll)~2, (Figure exchangeabléH NMR signals at—12.8,—13.4, and—19.7 ppm are
2)3 A complete signal assignment of Cogh)é can be achieved  getected that correspond to the labile 2,6-pyridinoamido NH protons.
by the use of EXSY and COSY techniques (Figure 10), whereas The outer methylene (m/n) and methyl protons (0) cannot be clearly
the assignment of the signals due to the 1:1 Ce@lomplex detected.

(labeled with a prefix “1”) is similar to those of Co(H)3 and
Co(Il)—9. Although much less shifted, the signals of th¢ig

region (marked with arrows, Figure S3). The two downfield jela K L

- 20

L 40

| ppm

The signals corresponding to the outer Py, geminal

S 2 : . . protons (9 at 61 and 64 ppm at 248 K collapse into one signal
protons exhibit quite different chemical shifts (Figure S5) due at 38 ppm when the temperature is raised to greater than 318

to two different orientations, axial-like and equatorial-like, which K. The core geminal protons including@ bes and G
reflects the rigidity of the moieties near the core of the héwever do not collapse into one signal e/ven /gt 328 K/?I'hese
dendrimer. No exchange peaks are detected between theresults ir}1ply that a much larger degree of rotational fréedom
hyperfine-shifted signals and the signals of free dendrimer. This

is expected since an excess amount of Co(ll) has been addedvIth respect to the NMR time scale is present for the outer

to the sample; thus, all dendrimer molecules should presumabl regions of the Co(ll) complex of this dendrimer.
pie; ) P y The Ty values of the hyperfine-shifted signals for the Co(ll)
have at least one Co(ll) bound.

complexes of3, 4, and 5 have been measured at different
E. Effects of Temperature on Co(ll)~6 Complex. TheH temperatures to assess the relative flexibility of a dendrimer in
NMR spectrum of Co(IIfB complex has been examlned E_Elt solution and how its conformational manifold might change with
different temperatur_es (Flgure S6). A plot of the chemical shifts temperature. TheT; values of all the protons in the three
of the hyperfine-shifted signals versusT {Figure S7) shows  gendrimers generally increased with temperature (Figure 11),
that most of the hyperfine-shifted signals move away from the jngjcating that the dendrimers are in the “liquidlike” regime
diamagnetic region at lower temperatures in a linear fashion. yith short correlation timedL-3s However, theT, values of the
For example, the inneC.H,COPy equatorial proton geshifts larger 108-acid dendrimer show a smaller increase than those
from 51 to 78 ppm when the temperature is lowered from 328 ot the smaller 12-acid dendrimer, indicating the larger dendrimer
to 248 K. Likewise, the upfield solvent-exchangeable signals h g |ess “liquidiike” than the small ones. This liquidlike relaxation
and d at-7 and—15 ppm (barely detected at 328 K due to fast - g pports a more loosely packed “shell-like” structi these

chemical exchange with the solvent) shift upfield-td5 and complexes with their arms stretched out into the solution.
—29 ppm at 258 K, respectively. Moreover, an upfield hyper- — : :
fine-shifted signal at-5 ppm is clearly observed at 248 K, (35) (a) Bovey, G. A.; Jelinski, L.; Mirau, P. ANuclear Magnetic

di h fth idi . hich i Resonance Spectroscop3nd ed.; Academic Press: New York, 1988;
corresponding to the para proton of the pyridine ring, Which IS chapter 5. (b) Abragam, Athe Principles of Nuclear Magnetismeprinted
buried in the diamagnetic region at 26. ed.; Oxford University Press: London, 1983; Chapter 8.
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Figure 11. T values for signals«g(solid lines) andd. (dotted lines)
for the Co(ll) complexes 08 (¢ and<), 4 (@ and), and5 (a and
A) at different temperatures.

Table 1. Calculated Cross-Relaxation Rateg)( Rotational
Correlation Times4), Intrinsic Relaxation Rates, and
Hydrodynamic Radiir) for 12-, 36-, and 108-Acid Terminated
Tetrapyridine Polyamido Dendrimers

pi(s™) 0 (s 7 () r (A
Co(I—3 14.31 —-0.586  5.84x 10°° 18.6
Co(l—4 17.31 —-2.42 1.11x 10°8 23.0
Co(ll)-5 22.19 —6.62 2.54x 1078 30.4

F. Estimating the Size of a Dendrimer in Solution.The
Co(ll) complexes of the three dendrime3s4, and5 exhibit

NOEs between nearby hydrogen atoms in MeOH at 273 K. In
particular, clear NOEs can be observed between the pyridine

para proton at-0.4 ppm to the two nonequivalent pyridine meta

protons at 22 and 20 ppm. Since the distance between the met

and para protons is fixed (calculated to be 2.443AYhe
hydrodynamic radii of the Co(ll) complexes of the dendrimers
can be estimated from the NOE intensity with respect to
irradiation time described below.

The relative NOE is obtained as NOE&[I(t) — lg)/lo, where
lo and I(t) are the magnetizations of spirwithout and with
perturbation, respectively, of spjrfor a period of timet. The
cross relaxation rate and the intrinsic relaxation ratg pf in

paramagnetic species with fast electron relaxation rates can be

obtained by fitting NOE% with respect tbaccording to eq
2_30,34

NOE%= (gy/p;)[1 — exp(pit)] 2)

The rotational correlation timeg;, can be calculated by
solving eq 33034

(ﬂo)’zﬁ g

29 l 67 .
100,01+ 40?2

A (3)

whererj is the distance between the para and meta protons of
the pyridine ring (2.44 A) and other terms are physical constants

as normally defined. The values of, p;, andz, obtained for
the three Co(ll)-dendrimer complexes are shown in Table 1.

Thet, value obtained from eq 3 can be used in the Stekes
Einstein equation (eq 4) to yield the hydrodynamic radius
the molecule under investigatigh34

7, = 4ma’E/3KT 4)

whereé is the solvent viscosity at temperatufg0.00082 J s
m~3 at 273 K), andk is the Boltzmann constant. Thevalues
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These hydrodynamic radii are10—12 A larger than those
values previously reported for the analogous 12, 36, and 108
acid-terminated polyamido dendrimers under acidic pHs, and
6—7 A larger than those corresponding dendrimers under neutral
pH conditions??2 For example, the reported hydrodyanmic radii
for the 12, 36, and 108 acid-terminated polyamido dendrimers
at pH 3.5 are 8.24, 11.4, and 17.3 A, respectivélJhe larger
values noted for the Co(ll) complexes&f4, and5 are indeed
in agreement with those of the polyamido dendrimers reported
previously, as the latter do not possess the internal extended
2,6-diamidopyridino binding sites or theCH,CH,CH,— spacer
arms, thus would be-10 A smaller. Furthermore, the smaller
6—7 A increase for3, 4, and 5 when compared with the
polyamido dendrimers under neutral conditi&rsuggests that
the arms of the Co(ll) complexes of the dendrimers studied here
may not be fully extended in solution, which may be attributed
to restriction in rotational freedom upon Co(ll) binding or/and
a “tight packing” of the arms in organic solvent due to the lack
of charge repulsion.

Conclusion and Perspectives

The size, structure, and accessibility of the internal cavities
of a dendrimer can determine, in part, its optimal hagiest
interactions for catalysis, self-assembly, and molecular recogni-
tion and encapsulation. Indeed, the large size, spherical shape,
and specific hostguest chemistry associated with many den-

rimers have led researchers to suggest that they loosely mimic

e structure and function of globular protefisnlike proteins,
however, dendrimers have not been successfully analyzed by
means of X-ray crystallography due to their fractal nafiire.
Dendrimers also exhibit broad overlappitig NMR spectral
features, which further hinders their conformational analyses.
Therefore, examination of the hyperfine-shifiétINMR signals
offers a logical alternative to probe this interesting interior
environment of dendrimers.

There are some interesting properties about dendrimers
revealed in our studies: (a) When the metal-binding 2,6-
diamidopyridino moiety is placed into a dendrimer either on
the surface or near the core, it is bound to Co(ll) predominately
with two dendritic arms per metal (although it is less pronounced
in the former case). In other words, “cooperativity”, a unique
property of many functional macrobiomolecules, among the
dendritic arms seems to be present in dendrimers that is not
observed in simple ligands. (b) The configuration of the metal-
binding site, which can potentially be built as an active site, is
not affected by the size of the molecule on the basis of the
similar NMR spectra. (c) A smaller degree of rotational freedom
is demonstrated for the methylene groups close to the dendritic
core as compared to the surface moieties for dendrimers with
internal diamidopyridino metal binding sites. (d) No hyperfine-
shifted™H NMR signals corresponding to the terminal methyl
or methylene groups are detected for the Co(ll) complexes of
dendrimers3, 4, and5, suggesting a “shell-like” conformation
with their arms radiating out away from the core. (e) All of the
T, values generally increased when the temperature is raised,
indicating a “liquidlike” regime for these dendrimers of “shell-
like” configuration. Only a “solidlike” regime with th&; values
decreasing with increasing temperature would support the “dense
core” model. (f) The calculated hydrodynamic radii of the Co-
(1) complexes of3, 4, and5 indicated that the arms of these
dendrimers are extended in solution to nearly a full extent. The

of 18.6, 23.0, and 30.4 A are obtained for the Co(ll) complexes 3D model of the Co(Il3-3 built using theT; values of the

of 3, 4, and5 (Table 1).

(36) Ceriug, version 3.5; Molecular Simulations, Inc.: San Diego, CA.

(37) Ottaviani, M. F.; Bossmann, S.; Turro, N. J.; Tomalia, D.JA.
Am. Chem. Sod 994 116 661-671.
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assigned hyperfine-shifted signals reported previdislyowed catalysis and molecule recognition, are expected to be forthcom-
that the four pyridine rings of Co(H)3 are quite close to each  ing. In this paper, we report the use of paramagnetic Co(ll) as
other 6 A) indicating a possible loosely packed interior that an NMR probe for detailed characterization of a few dendrimers,
may be controlled by the Co(ll) binding. Therefore, the data which points a new direction for the application of NMR
indicate that the structures of the metal (and possibly guestspectroscopy to the study of this unique family of synthetic
molecule) complexes of dendrimers with internal diamidopy- macromolecules.
ridino moieties may lie closer to the “shell-like” model than )
the “dense core” model, which may be further controlled by  Acknowledgment. G.R.N. wishes to thank NSF (DMR-96-
the surface charge of the molecule and the solution conditions. 22609, DMR-99-01393) and the Office of Naval Research
Paramagnetic metal ions have been extensively used as NMR(N00014-99-1-0082) for support of this project.
probes over the past two decades for structural and mechanistic
studies of biologically important macromolecules such as
metalloproteins and metalloantibiotigshowever, they have not
been widely applied to the study of other macromolecular
systems. Systematic variation of the metal binding environment
in different dendrimer frameworks and structure-based rational
design of metallodendrimers for specific applications, such as JA015856Y

Supporting Information Available: H EXSY spectra of

the Co(ll) complexes 03, 6, and9 (3 spectra)!H NMR spectra

of 6 upon Co(ll) titration (2 figures), and temperature-dependent
spectral change (2 figures). These materials are available free
of charge via the Internet at http://pubs.acs.org.



