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An NMR and Molecular Modeling Study of Carbosilane-Based Dendrimers
Functionalized with Phenolic Groups or Titanium Complexes at the

Periphery

Karen T. Welch,™ Silvia Arévalo,'* John F. C. Turner,*™™ and Rafael Gémez*'"!

Abstract: Dendrimers are modified
polymers whose architecture is defined
by the presence of a central atom or
core with multiple branches. These
molecules lend themselves to a variety
of architectures and uses, including
drug delivery and catalysis. The study
of the molecular conformations and
shapes of dendritic molecules is neces-

(OMe)|OHJg (2), and 2G-
{(CH,);[CsH3(OMe)]O[Ti(CsH;)CL]}s

(3). Various two-dimensional NMR
techniques were used to completely
assign the 'H and "“C resonances of
molecules 1-3. This information was
used, in conjunction with 'H and “C
spin-lattice relaxation measurements,
to assess the chain motion of the mole-

cules. The NMR data were also com-
pared with 1-ns molecular dynamics
(MD) simulations of 1 and 2 using the
MMFF9% force field. The results indi-
cate that these dendrimers possess a
core that is motionally decoupled from
the rest of the dendrimer, with flexible
arm segments that extend from the
core. The addition of eight functional-

sary but not yet routine. Here we pres-
ent an NMR and molecular modeling
study of a series of carbosilane den-
drimers, namely 1G-{(CH,);[CsH;-
(OMe)]OH}, (1), 2G-{(CH,);[CsHs-

mers -

Introduction

Dendrimers are highly branched macromolecules with well-
defined molecular weights and architectures, which provide
unusual and novel properties that differentiate dendrimers
from conventional polymers. Dendrimers are of great inter-
est because of their potential application in various scientific
disciplines, such as drug and gene delivery, unimolecular mi-
celles, magnetic resonance imaging agents, and chemical
sensors.!) The use of dendritic molecules in catalysis has
also received considerable attention.”! The synthesis of den-
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ized titanium groups to the ends of the
dendrimer chains of 2 to yield molecule
3 serves to further restrict chain
motion.

dendri-
NMR

dritic molecules involves an iterative sequence of reaction
steps in a convergent or divergent progression.”’] Dendri-
mers have four major architectural components, termed the
core, branching, connector, and surface units, which allow
the structure, size, shape, and functionality to be tuned to
yield the desired physical and chemical properties; in princi-
ple, the synthetic procedures required to produce novel den-
drimers are well established. However, information on the
structural and conformational characterization of dendritic
architectures has not kept pace with synthesis, though this
information should allow a better understanding and predic-
tion of the properties of new dendrimers. Proof of molecular
structure can be determined by single-crystal X-ray diffrac-
tion studies; however, there are only a few examples of crys-
talline dendrimers, which, in general, are confined to low
generations. This technique has therefore proved of little
use so far.! For this reason, indirect techniques, such as nu-
clear magnetic resonance (NMR), matrix-assisted laser de-
sorption/ionization time-of-flight (MALDI-TOF) and elec-
trospray (ES) mass spectrometric methods, small-angle neu-
tron (SANS) and X-ray (SAXS) scattering techniques, elec-
tron microscopy, and gel permation chromatography, have
been used as analytical tools for the characterization of den-
drimers. The determination of solid-state and solution con-
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formations of dendritic molecules is not yet routine, and it is
generally carried out by NMR and SANS techniques along
with theoretical modeling and computer simulation. More-
over, the data generated to date affords contradicting pre-
dictions about the dendrimer packing and the maximum and
minimum density inside the macromolecule.”’! For this
reason, there is a need for more investigation of molecules
with dendritic topology.

NMR is a powerful technique for the structural and con-
formational analysis of macromolecules, especially proteins.
For dendrimers, not many studies have been carried out
beyond the routine 1D NMR experiments, owing to the lim-
ited ability to resolve and assign the resonances of the
chemically similar repeat units. However, multidimensional
NMR experiments, in particular those based on inverse de-
tection pulse sequences, offer the opportunity to obtain the
complete structural characterization of the dendrimers by
dispersing resonances into two or three dimensions when
signals are overlapped in 1D NMR spectra. For instance,
HMQC-TOCSY (heteronuclear multiple quantum coher-
ence total correlation spectroscopy) 2D and 3D NMR ex-
periments have been used for the complete assignment of
the third generation poly-(propylene imine) dendrimer
(DAB)®l. A combination of 1D and 2D NMR techniques,
including NOE (nuclear Overhauser enhancement) differ-
ence, EXSY (chemical exchange spectroscopy), COSY (cor-
relation spectroscopy), and TOCSY, were employed for the
characterization of cobalt(i) complexes of 2,6-diaminopyri-
dine-containing dendrimers.”! In the elucidation of dendrim-
er chain conformation by NMR, 'H and *C NMR spin-lat-
tice relaxation time (T,;) measurements along with 1D and
2D NOE experiments have been reported for a few exam-
ples of DAB,*® poly(amidoamine) (PAMAM),” and poly-
ether"” dendrimers.

Only two NMR studies of silane dendrimers have been
reported to date. The first used the 2D *Si-*’Si INADE-
QUATE (incredible natural abundance double quantum
transfer experiment) experiment to confirm the structure of
a first-generation polysilane dendrimer.'!! The second study,
an impressive and challenging experiment based on 3D 'H/
BC/#Si triple resonance and pulsed field gradient (PFG)
NMR techniques, characterized the structures of first- and
second-generation hydride-terminated carbosilane dendrim-
ers containing two-carbon-atom spacers.'”? A few studies
concerning chain conformation have also been reported.'?!

Recently, we reported the synthesis of three-carbon
spacer carbosilane dendrimers functionalized with phenols
or titanium complexes at the periphery, and their characteri-
zation using routine 1D NMR experiments.'¥ However, the
chemical shift assignments for the methylene groups in the
spacers were ambiguous, owing to the overlap of these reso-
nances. In this paper, we describe a combination of 1D and
2D NMR experiments and the complete 'H and C assign-
ments of the first and second generation of these dendrim-
ers, in addition to information about their chain motion and
conformation from T; measurements and molecular dynam-
ics (MD) simulations.
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Results and Discussion

Phenol-terminated carbosilane dendrimers: The first 1G-
{(CH,);|C¢H5(OMe)|OH}, 1) and second 2G-
{(CH,);|C;H5(OMe)]OH}; (2) generations of three-carbon
spacer carbosilane dendrimers functionalized with phenol
groups at the periphery have been prepared using proce-
dures analogous to those reported elsewhere.'* Briefly,
these molecules were constructed in a divergent fashion by
hydrosilylation reactions of the olefinic group of 4-allyl-2-
methoxyphenol (eugenol) with the corresponding silicon hy-
dride terminated dendrimers 2G-Hg and 1G-H,.'! Figure 1
shows a representation of both dendrimers in which the
methylene, methyl, and aromatic groups are labeled from
the core to the exterior of the dendrimer.

NMR characterization of 2G-{(CH,);{CsH3;(OMe)JOHJg (2):
The 1D 'H NMR spectrum was acquired at 600 MHz in
[Dg]toluene. The spectrum can be divided into five regions
with the methyl groups at about 6 = 0.00 ppm, the methyl-
ene groups at about 6 = 0.70-2.50 ppm, the methoxy group
at 0 = 3.30 ppm, the hydroxy proton at 6 = 5.80 ppm, and
the aromatic protons in the 6 = 6.45-6.90 ppm range (see
Figure 2). From the relative intensities of the methyl reso-
nances, it was possible to assign the inner methyl group Me;
and the outermost methyl groups Me, to the signals at § =
0.06 and 0.00 ppm, respectively. Similarly, there are nine dif-
ferent sets of methylene protons, and because of the compo-
sition of the two generations, the intensities of the exterior
methylene resonances (H,—H;) are double the intensities of
the interior resonances (H,~H.). Within the methylene
groups, we can predict three different sets of resonances
based upon their respective chemical environments. The far-
thest upfield resonances were those of the five methylene
groups adjacent to silicon atoms. Moving downfield, the
next group of resonances were those corresponding to the
three central methylene groups of the three-carbon spacers.
Finally, the resonance of the benzylic methylene group was
the farthest downfield and unique in chemical shift. The
methylene groups of the innermost branch could be further
identified by the lower intensity of these resonances.
Two-dimensional homonuclear and heteronuclear NMR
experiments were required to complete the assignment of
2G-{(CH,);|CsH;(OMe)]OH}s (2). It was evident from the
TOCSY spectrum that there were three isolated spin sys-
tems consisting of three sets of methylene protons each.
Figure 3 shows the TOCSY spectrum recorded for 2 at a
mixing time of 40 ms. The assignment proceeded by identifi-
cation of the three spin systems by means of the TOCSY
and COSY spectra, followed by differentiation of the reso-
nances adjacent to silicon atoms using HMBC (heteronu-
clear multiple-bond correlation), and confirmation of the as-
signments with the NOESY (nuclear Overhauser effect
spectroscopy) spectra. The outermost spin system (resonan-
ces H,, H;, and H; was identified by the presence of the
benzylic protons. This resonance, H;, had two cross peaks at
0 = 1.59 for H, and 0.54 ppm for H,. The middle branch

www.chemeurj.org  Chem. Eur. J. 2005, 11, 12171227


www.chemeurj.org

Structure and Motion of Carbosilane Dendrimers

OH
OMe
Me/SI\Me
MeQ Me Me
Ho | L
Si\\/\/Si/\/\7l OH

HO

1G-{(CH2)3{CeH3(OMe)}OH]4 (1)

Me r q
d ¢ 1 g
>\/3i|/\e/—?'n m »OH
) Me, hn ooMe
N

FULL PAPER

ox
X0 MeQ
OMe

/Me Me Si
S\"\_\ Me
Me Si/Me Si/\/\Si
NN / Me
Me //) i Me S
N\ Va Y
Si Me Me
\Me \Si
MeO. T\\
(0).4
Me
Me rd
xo ~d Si OMe
~
Me Me
MeQ
OMe oX

X0

2G-[(CHZ)5{CgH5(OMe)}OX]g ; X = H (2), [Ti(CsH5)Cl5] (3)

"= pox
i
oOMe
Me 9 n " |
N f~Sin
( a C e Mek
Si| b Sm
)V/ Me/J\—¥ /!Vle
/“\ /&
Me
OX
OMe

Figure 1. Molecular representation of the first-, 1G-{(CH,);|C,H;(OMe)]OH}, (1), and second-generation, 2G-{(CH,);[C¢H;(OMe)]OH}; (2) and 2G-
{(CH,);[CsH3(OMe)]O|Ti(CsHs)Cl]}s (3), dendrimers with branches labeled from the core to the exterior of the dendrimer.

resonances, Hy, H,, and H;, were identified by their relative
intensities, and produced three strong TOCSY crosspeaks at
0 = 145, 0.68, and 0.62 ppm. The farthest downfield signal
at 0 = 1.45ppm was attributed to H, as the methylene
group not adjacent to silicon. Resonances Hy and H;, were
differentiated by the HMBC data, in which H, showed con-
nectivity to Me; and H; was connected to Me,. These assign-
ments were also supported by the NOESY data, as there
was a NOESY crosspeak between the methyl group of the
outer silicon atom (Me,) and the methylene protons H; and
H,. For the interior methylene branch, a weaker TOCSY
correlation was detected, as was expected given their rela-
tive abundance. Hence, the signal at 6 = 1.57 ppm was due
to H, and the peaks at 6 = 0.78 and 0.71 ppm were attribut-
ed to H, and H, indistinctly. No NOE cross peaks were ob-
served between the inner methyl group (Me;) and H,. Be-
cause of this, and only in this case, tentative assignments
were made. Based on the trend of increasing chemical shift
towards the core of the dendrimer (see below) and the anal-
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ogy in the surroundings between H, and H,, the peak at o
= 0.71 ppm was assigned to H, and the peak at 0 =
0.78 ppm was assigned to H,. In the case of the aromatic
protons, the TOCSY and NOESY spectra permit assignment
of the signals at 6 = 6.59 and 6.87 ppm as H, and H,, re-
spectively. The assignment of the H, resonance was support-
ed by an NOE between the H, and H; resonances. For the
signal at 0 = 6.47 ppm, no TOCSY correlation is shown and
due to H, and confirmed by NOE with H;.

The 150.9 MHz 1D "*C NMR spectrum of 2 in [Dg]toluene
is shown in Figure 2. Inverse detection 2D {'"H-"*C} HSQC
(heteronuclear single-quantum coherence) and HMBC ex-
periments were used in assigning the carbon atom resonan-
ces. The cross peaks observed in the HSQC spectrum at 6 =
40.19, 26.90, and 15.66 ppm were attributed to the outer
methylene groups, H/C;, H,/C,, and H,/C,, respectively, on
the basis of the proton assignments, and were verified by
the HMBC experiment. The region of the spectrum in
which the inner and middle methylene C resonances were
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Figure 2. 1D 'H NMR (600 MHz, [Ds]toluene) and 1D "C{'H} NMR
(150.8 MHz, [Dg]toluene) spectra of 2G-{(CH,);[C¢H;(OMe)]OH}; (2).
Peak labeled with a circle (@) is from THF impurity; peak labeled with a
square (m) denotes signal overlapped with THF impurity; peak labeled
with the symbol (X) denotes an impurity.
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Figure 3. 2D {'H-'H} TOCSY NMR (600 MHz, [D;]toluene) spectrum of
2G-{(CH,);[C¢H3(OMe)]|OH}s (2) in the methylene and methyl regions.
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found was complicated by overlap with the residual toluene
solvent resonances. However, from the 2D {'H-"*C} HSQC
spectrum, the cross peaks C/H at 6 = 19.17/1.45, 19.34/0.68,
and 20.58/0.62 ppm were assigned to C,, C4, and C; respec-
tively. The 2D {'H-"*C} HMBC spectrum supported these as-
signments, the H, proton signal showed two cross peaks to
Cy and C;, which in turn showed cross peaks to Me; and
Me,, respectively. For the innermost three-carbon spacer
group, the cross peak at 0 = 19.43/1.57 ppm, observed in
the HSQC spectrum, was assigned to C,/H,; it showed two
cross peaks of decreased intensity (with respect to those
shown for the middle and outer methylene spin systems) in
the HMBC spectrum, owing to the connectivity with C, and
C.. The assignments of the individual resonances C, and C,
were attributed to the signals at 0 = 19.82 and 18.41 ppm,
respectively, from the HSQC spectrum and based on the
proton assignments. The HMBC spectrum showed a cross
peak between the Me; protons and C, that partially overlaps
with the more intense cross peak Me;/C,y, which established
the assignment more unambiguously. Figure 4 shows the 2D
{'H-BC} HSQC NMR spectrum of 2G-{(CH,);[C¢H;(O-
Me)]OH]J; (2) in the methylene and methyl regions. The 2D
{'"H-C } HSQC and HMBC experiments allowed for facile
confirmation of the assignments of the aromatic carbon res-
onances.

If the 1D 'H NMR spectrum was acquired in
[D;]chloroform, the chemical shifts of the methylene reso-
nances adjacent to silicon in the dendritic structure were ob-
served to overlap. A similar behavior was found in the *Si
NMR spectra of 2, in which, in [Dg]toluene, three different
silicon resonances were observed; in contrast, in
[D]chloroform the innermost silicon atom was never detec-
ted.l*19] These features are consistent with the observations
of Rinaldi et al. who proposed a model in which chloroform
migrates into the core of the dendrimer, solvating all of the
methylene groups, whereas toluene does not solvate the in-
terior of the dendrimer molecule.’! In further agreement
with this idea, in toluene, protons H,, H,, Hy, H;, and H,,
with almost identical chemical environments, have chemical
shifts of 6 = 0.78, 0.71, 0.68, 0.62, and 0.54 ppm, respective-
ly, showing gradual upfield shifts on going from the core to
the surface. This feature is consistent with a progressively
greater interaction with the anisotropic toluene solvent
when protons are closer to the surface of the molecule. In
addition, this conclusion would confirm the previous and
tentative assignment for H,/C, and HJ/C, under the supposi-
tion of similar surroundings.

NMR characterization of 1G-{(CH,);{CsH;(OMe)]JOH}, (1):
The first-generation dendrimer 1 presented 1D 'H and “C
NMR spectra that were considerably simpler than those of
compound 2 because of the nonexponential growth of the
dendrimer chains. However, this system served to confirm
the second-generation structural assignments described
above. The proton and carbon signals of the inner and outer
methylene groups were easily identifiable by using 2D
TOCSY, HSQC, and HMBC spectra. The TOCSY experi-
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Figure 4.2D {'H-C} HSQC NMR spectrum of 2G-{(CH,);[CsH;(OMe)]OH)s (2) in the methylene and
methyl regions.

ments demonstrated the connectivity of the H,, H,, and H;
resonances. The triplet at 6 = 2.55 ppm, which was ascribed
to the benzylic protons H;, in analogy to the observations
from the second-generation dendrimer 2, gave two cross
peaks at 6 = 1.65 ppm, attributed to the middle methylene
group H;, and 6 = 0.60 ppm corresponding to the Si—CH,
groups (H,). The resonance at 6 = 1.54 ppm was assigned
to H, as its environment was similar to Hy, and it gave two
overlapped cross peaks owing to its connectivity with Hy
and H; From the TOCSY experiment alone, it was not pos-
sible to differentiate Hy and H;. However, we can discrimi-
nate them easily from the 2D NOESY, HSQC, and HMBC

The resonance at 6 = 0.68 ppm and attributed to H; had a
long distance C/H correlation with the methyl groups Me,.
In the case of the aromatic proton and carbon atoms,
their assignments are in agreement with those of the
second-generation dendrimer 2. The 'H and “C chemical
shift assignments for 1 and 2 are summarized in Table 1.

Titanium phenoxide terminated carbosilane dendrimers:
The second  generation  2G-{(CH,);[C;H;(OMe)]O-
[Ti(CsH;5)CL]}s (3) was prepared from the phenol-terminat-
ed carbosilane dendrimer 2 by reaction with [Ti(CsH;s)Cl]
to liberate HCI using the procedure previously described.*!

Table 1. 'H and *C NMR chemical shift assignments for dendrimers 1-3.1

o('"H) 8(PC)
Assignment 1 2 3 1 2 3
methylene
a - 0.78 0.75 - 18.41 18.31
b - 1.57 1.53 - 19.43 19.31
c - 0.71 0.70 - 19.82 19.72
d 0.76 0.68 0.68 18.15 19.34 19.30
e 1.54 1.45 1.45 19.30 19.17 19.08
f 0.68 0.62 0.63 20.71 20.58 20.47
g 0.60 0.54 0.56 15.65 15.66 15.70
h 1.65 1.59 1.60 26.89 26.90 26.62
i 2.55 2.50 2.52 40.20 40.19 40.26
methyl
j - 0.06 0.06 - —4.51 —4.47
k 0.00 0.00 0.02 —3.04 -2.96 -2.91
1 3.38 331 347 55.30 55.40 56.18
aryloxy
m - - - 134.39 134.35 139.93
n 6.49 6.47 6.58 111.23 111.42 113.42
o - - - 146.84 146.99 150.24
p - - - 144.63 144.76 157.63
q 6.93 6.87 6.82 114.80 114.96 119.30
T 6.63 6.59 6.53 121.51 121.51 120.63
X = OH, C;H; 5.42 5.81 6.27 - - 121.01
[a] Data from 600 MHz in [Dg]toluene at room temperature and using 160 mm dendrimer concentration.
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The 1D 'H and “C NMR spectra were acquired using the
same conditions as for 1 and 2, and showed almost identical
chemical shifts for the carbosilane backbone resonances.
The resonances of the aromatic proton and carbon atoms
were slightly shifted, as expected for the replacement of the
phenolic hydroxyl group with a [OTi(CsHs)Cl,] fragment.
The most relevant feature was the observation of well-sepa-
rated chemical shifts for H, and H,, at 6 = 1.53 and
1.60 ppm respectively, in contrast to the overlapping reso-
nances observed for the analogous positions in 2. The com-
plete atomic connectivities and 'H and "“C chemical shifts
assignments for 3 were thus determined and are summarized
in Table 1.

Molecular modeling and solution behavior of phenol- and
titanium-terminated dendrimers 1-3: Models of the 1G (1)
and 2G (2) dendrimers were constructed to visualize their
dynamic or motional behavior. The objective of the model
study was to determine the influence of the dendrimer ar-
chitecture on the motion of the individual “arms” or chains.
Molecular dynamics was performed on the two molecules
for one nanosecond. For the MD trajectories of 1 and 2, dis-
tances and angles were measured at points along each arm
to assess local motion. For the 1G dendrimer, there were
one set of Si—Si distances, one set of CH,—CH, distances,
one set of Si—CH,—Si angles, and one set of CH,—Si—CH,
angles. For the 2G dendrimer, there were two sets of Si—Si
distances and two sets of CH,—CH, distances as well as
angles, and these could be differentiated as “inner” and
“outer” distances depending on the distance from the core
of the dendron. In addition, the distances between all 13-
Si—CH, units were measured. These distances were consis-
tent for both molecules 1 and 2, therefore either the X—X
distances or the X—Y—X angles could be used to represent
the conformational state of each chain segment.

Based on the data in Table 2, there were subtle differen-
ces between the two molecules. The average Si—Sij; distance
for the 1G dendrimer was 5.72 A, whereas the interior Si;—
Siy distance for the 2G dendrimer was 5.76 A, and the exte-
rior Siy—Siy; distance was 5.72 A. These values indicate that
the two segments were nearly fully extended, and that the
model predicts greater flexibility around the silicon atoms.
Examination of the CH,—CH, distances for molecules 1 and
2 revealed a greater difference between the exterior CH,.—
CH,,, units of molecule 2 and the other two sets of methyl-

Table 2. Distance and angle data for simulated dendrimers 1 and 2.

ene groups. For the 1G and 2G interior methylene units, the
average distance is about 4.5 A, whereas the same distance
for the exterior methylene units is about 4.7 A. Both seg-
ments fluctuate about a conformation that is approximately
1 A short of full extension.

When the dynamics trajectories of each of the structural
units were plotted as distances or angles versus time, the ex-
istence of persistent local chain conformations, or local
minima, was apparent (Figure 5). For the Si—Si unit, there
were two populated regions around 132° and 172° (Si—CH,—
Si angle). The number of transitions from one conformation-
al well to the other was dependent upon the structure of the
molecule as well as the relative position of the structural
unit within the molecule.

The interpretation of the dynamics trajectories for the
CH,—CH, units was not as straightforward because of the
greater apparent flexibility of these units, as evidenced by
larger oscillations about the persistent local chain conform-
ers, as well as a greater number of local conformers. There
are four local chain minima located around 80-88°, 102°,
118°, and 160°, with the regions around 80-88° and 118°
more heavily populated (CH,—Si—CH, angle). The trends in
conformational transitions were analogous to the Si—Si unit.
Thus, the model predicted a gradual slowing of chain
motion upon the accumulation of successive generations.

The molecular dynamics simulations also yielded informa-
tion about the shapes of molecules 1 and 2. The cores of
both molecules can be described as spheres with radii of
about 5.7 A, in which the first shell of four silicon atoms is
on the surface of the sphere. The structure of the core is
roughly tetrahedral with a distance of 9.1+£1.5 A between
pairs of silicon atoms. Thus, the core portion of the mole-
cules loosely retains the geometry of the central silicon
atom, although there are some deviations with the 1 ns dy-
namics trajectories. For both molecules, the exterior chains
of the molecule oscillate in the conformational space be-
tween an extended state and a folded state, in which they
appear to be loosely wrapped around the core. The phenolic
chain termini at times extend to within 4.4-4.6 A of the cen-
tral silicon atom, although these chain conformations were
present less than 10% of the time for all segments of the
molecules (see Tables3 and 4). Thus, the phenolic end
groups are not significant contributors to density in the
cores of the molecules, suggesting that the interaction of
chains on the periphery of the molecule serves to rigidify

Dendrimer Atom pair Distance [A] Angle [°]

1 Si—Siy 5.724+0.23 159.15+18.03
1 CH,—CH, 4.53+0.59 102.91+19.91
1 1,3-CH,—Si! 2.94+0.07 bl

2 Si—Siy(interior) 5.76+0.21 162.22+£16.07
2 Si—Siy(exterior) 5.72+0.23 159.59+17.93
2 CH,—CH, (interior) 4.5440.63 103.65+21.67
2 CH,—CH, (exterior) 4.69+0.59 108.51£20.76
2 1,3-CH,—Si! 2.94:+£0.07 P!

[a] Represents the average distance for all contiguous 1,3-CH,—Si units in the molecule. [b] This value was not measured.
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Figure 5. Molecular modeling data of 1 and 2 for one nanosecond: A) 2, angle trajectories Si;—Si;—Siy;. B) 1, angle trajectories Si;—Si;—Siy; C) 2, angle

trajectory Si;—CH,,—Siy; (interior Si—Si unit); D) 2, angle trajectory Si;—CH,;

CH,—CH, unit); F) 2, angle trajectory CH,.—Si;—CH,, (exterior CH,—CH, unit).

Table 3. Data pertaining to core structure and backfolding of dendrimers

1and 2.

Measurement Atoms 1 2

angle [°] Siy—Si;=Siy 107.86+£26.70 108.08 +23.71

distance [A] Si;—Siy; 8.99+1.46 9.1241.32
Si—C,, 7.85+1.27 9.45+2.45
Si—0, 9.55+2.35 11.10+£3.27
Si—Me, 9.37+2.19 10.90+3.04

Table 4. Backfolding analysis of dendrimers 1 and 2.

Atom pair 1, <58A 2, <58A
Si—C,, 21% 2.4%
Si-0, 50% 6.1%
Si—Me, 6.1% 6.2%

the interior. Figure 6 shows a picture of dendrimer 2 at

190 ps time in the dynamic trajectory.

Chem. Eur. J. 2005, 11,1217-1227  www.chemeurj.org
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—Siy; (exterior Si—Si unit); E) 2, angle trajectory CH,,—Si;—CH,, (interior

Figure 6.

Molecular modeling of dendrimer 2 at 190 ps time in the dy-

namic trajectory.
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Once all the proton and carbon resonances of the den-
drimers were fully assigned, it was possible to investigate
their solution behavior with '"H and "C spin-lattice relaxa-
tion time (T,) measurements. Correlation of the relaxation
behavior of the resonances with their local environments
can be used to gain information about the relative density
distribution within the macromolecule.”” Relaxation param-
eters were obtained for dendrimers 1-3, using [Dg|toluene
as a solvent and at 600 MHz, by inversion-recovery experi-
ments (recorded in Table 5). Figure 7 shows the 'H T, values
for the methylene and methyl groups of the three dendritic
macromolecules. For the second-generation dendrimer 2,
the topologically interior protons have T, values slightly
lower than those observed for the middle and outer methyl-
ene protons. These features suggest that the interior nuclei
reside in a region of slower average molecular motion. The
'H T, data for the two different Me—Si groups are consistent
with this trend as well. The observation of greater freedom
of motion on going from inner to terminal methylene and
methyl groups might suggest a radial decrease in density of
the macromolecule and a less congested local environment
in the periphery than in the core. This finding fits the model
of Lescanec and Nuthukumar,"® which predicts a monotonic
decrease in density on going from the center to the periph-
ery of the dendrimers. However, this behavior is opposite to
that found in polyether dendrimers by Frechet and co-work-
ers!'™ or by Veggel and co-workers;'""! this was in agree-
ment with the de Gennes and Hervet simplified model,"”!
which places a density maximum at the periphery of the
dendrimers. The 'H T, values for 2 were also determined as
a function of the concentration (see Figure 8). The T, values

of the inner methylene and methyl groups were not sensitive
to changes in concentration, in contrast to the rest of the
resonances in the macromolecule. This invariance could be
attributed to a closer packing of the molecules at higher
concentrations, which does not affect the motion in the inte-
rior of the molecule. The T, values for the dendrimer exteri-
or groups were concentration-dependent; when the concen-
tration of the solution was decreased, the 'H T, values in-
creased. These results also support the above hypothesis of
different frequencies of motion for the inner and outer frag-
ments. In addition, plotting the T, data versus concentration
gives information about the correlation time (z) regime. For
the inner groups, the invariance could be attributed to
nuclei with 7 near to the minimum in the plot of 'H T,
versus 7. However, the exterior groups would behave on the
low side of the T, minimum.

BC T, experiments were also performed to investigate
molecular motion. Examination of these relaxation values
revealed behavior analogous to that found in 'H NMR T,
experiments (see Figure 7). A comparison of the 'H and "*C
T, values of the three-carbon spacer units for both the
second and first generations showed lower values with in-
creasing generation, thus suggesting less free motion in the
interior of the molecule, as expected.

The relaxation data for dendrimer 3 are shown in Table 5.
One of the most notable differences in the relaxation data
of 2 and 3 was the dramatic shortening of 'H and “C T,
values for the outermost methylene groups and the terminal
phenoxide fragment. The shorter relaxation times found for
3 could be ascribed either to a molecular conformation that
reduced the segmental motion, as the [Ti(CsHs)Cl,] group

Table 5. 'H and *C NMR spin-lattice relaxation times (T;) of dendrimers 1-3.1%

'H (Ty) BC(Ty)
Assignment 1 2 3 1 2 3
methylene
a - 0.54 0.55 - 0.28 0.24
b - 0.60!! 0.54 - 0.37 0.351¢!
c - 0.56 0.521 - 0.31 0.30
d 0.57 0.60 0.521 0.41 0.40 0.35
e 0.63 0.68 0.55 0.58 0.56 0.46
f 0.70 0.69 0.53 el 0.55 1.15%!
g 0.74 0.67 0.43 0.72 0.60 0.37
h 0.74 0.66! 0.42 0.77 0.65 0.38
i 0.81 0.71 0.39 0.72 0.60 0.33
methyl
i - 1.01 0.84 - 1.64 1.16
k 1.44 1.28 0.79 - - -
1 1.87 1.59 0.41 - - 1.09
aryloxy
m - - - - - 0.87
n 2.30 1.82 0.47 1.28 0.99 0.42
° _ _ _ _ _ _
p _ _ _ _ _ _
q 372 322 0.93 1.14 1.00 0.41
r 2.49 2.04 0.67 1.25 0.90 0.42
X = OH, CsH; 2.19 4.81 1.24 - - 1.38
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a] Data from 600 MHz in [Dg] toluene at room temperature and using 6 mM dendrimer concentration. [b] Partial overlapping of signals H, and Hj,.
c] Overlapping with the toluene signals. [d] Partial overlap of signals H, and H,. [e] Overlap of signals C, and C,.
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Figure 7. 'H and "C spin-lattice relaxation time (T,) data of 1-3 for the
methylene and methyl groups, using 600 MHz in [Dg]toluene, room tem-
perature and 160 mm dendrimer concentration. A) 'H (T,) methylene
groups; B) 'H (T,) methyl groups; C) *C (T,) methylene groups.

tends to anchor the chain, or to an aggregation process of
the dendrimer in these conditions.!®®! However, for the inner-
most methylene branch, the T, values suggested no change
in the motional behavior as compared with 2.

Chem. Eur. J. 2005, 11, 1217-1227 www.chemeurj.org
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Figure 8. 'H spin-lattice relaxation time (T,) data of 2 for the methylene
and methyl groups, using 600 MHz in [Dg]toluene, room temperature and
160 and 6 mmM dendrimer concentrations. A) methylene groups; B)
methyl groups.

Conclusion

In the work presented here, we have fully assigned the
proton and carbon resonances of first- and second-genera-
tion phenol-terminated carbosilane dendrimers and the
second generation of the analogous titanium-ended carbosi-
lane dendrimer, using a combination of 1D (‘H, *C{'H})
and 2D (COSY, TOCSY, HSQC, HMBC, and NOESY)
NMR spectroscopic techniques. These assignments were
based on the well resolved signals that occur in [Dg]toluene
as solvent. The assignments allowed us to obtain informa-
tion about the molecular motion and conformation by meas-
uring the 'H and “C spin lattice relaxation times (T;). These
data were consistent with a somewhat rigid, spherical core
conformation for the carbosilane dendrimers functionalized
by terminal phenolic groups, as was predicted by the molec-
ular dynamics calculations. In addition, the molecular
models were consistent with a looser periphery of flexible
chains that was affected by changes in dendrimer concentra-
tion, as was determined experimentally for 2.

The NMR evidence also suggests a further slowing of mo-
lecular motion or conformational exchange within the den-
drimer molecule caused by the addition of the [CpTiCl,]
moiety. The mass of this group is analogous to one layer of
nonexponential growth of the polymer, a single C,,H;0,Si
unit per arm. This is evident in the decrease of the T, values
for resonances g, h, and i in molecules 2 and 3. Since the
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large, somewhat spherical surface area of the [CpTiCly]
groups is less favorable for interchain associations by van
der Waals interactions, the molecular mass of this group is
likely to be the cause of the change.

We note that the [CpTiCl,] moieties reside in the periph-
ery of the dendrimer and that 3 represents an intermediate
stage between a purely homogenous Ziegler-Natta precata-
lyst and a precatalyst that has been heterogenized in the
sense of both the steric encumberance around the catalyst
and the composition of the coordination sphere of the Ti
atom. We are currently exploring this effect on the catalytic
activity of this and related systems.

Experimental Section

Materials: The carbosilane dendrimers 1G-{(CH,);[CsH;(OMe)]OH}, (1),
2G-{(CH,);|CH;(OMe)]OH)s  (2), and  2G-{(CH,);[CsH;(OMe)]O-
[Ti(CsH;s)CL]}s (3) (see structures in Figure 1) were synthesized according
to reference [14a]. Deuterated solvents [Dgltoluene and [D;]chloroform
were purchased from Cambridge Isotope Laboratory (Andover, MA).
Deuterated toluene was dried over potassium and distilled before use.
All dendrimers were pumped before use and the preparation of the sam-
ples was performed in the glove box under argon. All solutions were de-
gassed by several freeze-pump-thaw cycles in 5 mm Young’s tap NMR
tubes. The samples were prepared in two different concentrations
(160 mm and 6 mm).

NMR measurements and data processing: All of the NMR data were ac-
quired on a 300 MHz Varian Mercury spectrometer or a Varian
INOVA 600 spectrometer equipped with VNMR 6.1B software. All proc-
essing of NMR data was perfomed with the standard Varian software.
The 2D-NMR data were processed using a forward linear prediction and
weighted using either a gaussian or sinebell apodization function prior to
Fourier transfomation. For the HSQC and HMBC experiments, 'Jcy; =
120 Hz and *Jo;; = 8 Hz. The T, experiments were set up and analysed
using the dotl macro available within the VNMR 6.1B software package.
A relaxation delay of 12-16 s was used in the 'H NMR experiments and
a relaxation delay of 8 s was used in the C NMR experiments.

Molecular modeling: The MMFF9%4 forcefield as implemented in
Sybyl6.9 was used for all calculations. MMFF 94 was first published by
Halgren in 1995, and was parameterized for simulations of organic mole-
cules and proteins.® Of the forceficlds available within the Sybyl6.9
software package (Tripos Inc., 1699 South Hanley Rd., St. Louis, MO,
63144, USA), it performed best in maintaining a tetrahedral geometry
about the silicon atoms, and in carrying out the molecular dynamics sim-
ulations. The models used in the simulations were constructed with the
Builder module of Sybyl6.9. The models were built incrementally with
successive cycles of simulated annealing and minimization to yield a rea-
sonable starting structure for molecular dynamics simulations. The MD
simulations were carried out at 300 K for 1 ns and a timestep of 1 fs.
Structures were saved every 1000 fs, and the first 10 ps of the simulation
were used for equilibration. In all calculations, solvent was treated im-
plicitly with a dielectric constant of 2.3 debye. Visualization of the result-
ing trajectories was also carried out with Sybyl6.9.
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