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ABSTRACT

EPR

1

The synthesis of the 3Gc, T zero generation dendrimer with a cyclotriphosphazene core functionalized with nitroxyl radicals in its six branches has
been performed. The radical units have been used as probes to determine the orientation of the six branches in solution experimentally by
Electron Paramagnetic Resonance (EPR) spectroscopy compared with the structure obtained in the solid state by X-ray diffraction. The
orientation of the dendrimer branches is the same in solution as in the solid state.

Dendrimers,' in contrast to common linear polymers,
enable full control over many of the molecular design
parameters at the single molecular level such as molecule
size, branching pattern, structure, and morphology. There-
fore, they provide a new platform for obtaining functional
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materials with nanometer-scale precision. Most dendrimers
are comprised of organic fragments although heteroatom-
containing dendrimers and, in particular, phosphorus-
containing dendrimers have also been reported becoming
very promising molecules for Materials Science and
Nanomedicine.” Some of us have described a new series
of dendrimers built with a cyclotriphosphazene (N3P5) core
with phosphorus atoms as branching points and with end
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groups that can be easily functionalized.® Currently, there
is interest in determining the exact branching pattern and
structure of this family of dendrimers.

There are few studies of different cyclotriphosphazene
based dendrimers of zero generation by X-ray diffraction,
IR, and RAMAN spectroscopy as well as few density
functional theory (DFT) studies of vibrational spectra of
this kind of dendrimer.* By X-ray analysis it has been
demonstrated that three phenyl rings are situated above
the cyclic phosphazene ring and the other three below.’
However, there is still much controversy about the relative
orientation of these six branches in solution. Here, we
provide for the first time experimental data about the
molecular structure in solution of the zero generation
dendrimer of this family of dendrimers (G¢y) with TEMPO
radicals in its six branches (3-G¢y T, Figure 1) demonstrat-
ing they have the same relative orientation as in the solid
state.

The synthesis of the 3-G¢yT compound was based on the
peripheral modification of dendrimer 1-G¢/y,° containing
six aldehyde groups on its surface. This dendrimer was
condensed with 4-amino-TEMPO 2 to obtain the corre-
sponding hexaimine derivative 3-G¢yT in a 97% yield
(Scheme 1).

We followed the conditions already reported for the
condensation of different amines on dendrimers with
aldehyde terminal groups,’ but the handling of radicals
in solution was performed under dark conditions.

FT-IR allowed us to determine if the reaction had gone
to completion by the disappearance of the aldehyde signal
at 1695 cm ™' of 1-G¢y as well as by '"H NMR (9.9 ppm).
Even though the signals of the "H NMR spectrum of
3-GeyT were broad, due to the presence of the paramag-
netic radical units, it was possible to establish the position
of each group of protons of the molecule enabling the
course of its preparation to be followed with this technique.
On the other hand, the *'P NMR signal of 1-G¢/g (0 =
4.9 ppm) and 3-G¢T appearing at 6 = 5.6 ppm (which was

(3) (a) Launay, N.; Caminade, A.-M.; Lahana, R.; Majoral, J.-P.
Angew. Chem., Int. Ed. Engl. 1994, 33, 1589. (b) Majoral, J.-P.;
Caminade, A.-M. Chem. Rev. 1999, 99, 845. (c¢) Caminade, A.-M.;
Maraval, V.; Laurent, R.; Majoral, J.-P. Curr. Org. Chem. 2002, 6,
739. (d) Maraval, V.; Caminade, A.-M.; Majoral, J.-P.; Blais, J. C.
Angew. Chem., Int. Ed. 2003, 42, 1822. (e) Griffe, L.; Poupot, M.;
Marchand, P.; Maraval, A.; Turrin, C. O.; Rolland, O.; Métivier, P.;
Bacquet, G.; Fournié, J.J.; Caminade, A.-M.; Poupot, R.; Majoral, J.-P.
Angew. Chem., Int. Ed. 2007, 46, 2523. (f) Badetti, E.; Caminade, A. M.;
Majoral, J. P.; Moreno-Manas, M.; Sebastidn, R. M. Langmuir 2008, 24,
2090. (g) Caminade, A.-M.; Turrin, C.-O.; Majoral, J.-P. Chem. Eur
2008, /4, 7422. (h) Caminade, A.-M.; Hameau, A.; Majoral, J.-P.
Chem.—Eur. J. 2009, 15, 9270. (i) Franc, G.; Badetti, E.; Colliere, V.;
Majoral, J.-P.; Sebastian, R.-M.; Caminade, A.-M. Nanoscale 2009, 1,
233. (j) Franc, G.; Badetti, E.; Duhayon, C.; Coppel, Y.; Turrin, C.-O.;
Majoral, J.-P.; Sebastian, R.-M.; Caminade, A.-M. New J. Chem. 2010,
34, 547.

(4) (a) Furer, V. L.; Vandyukova, I. I.; Majoral, J.-P.; Caminade, A.-M.;
Kovalenko, V. 1. J. Mol. Struct. 2008, 875, 587. (b) Furer, V. L,
Vandyukova, I. I.; Vandyukov, A. E.; Fuchs, S.; Majoral, J.-P.; Caminade,
A.-M.; Kovalenko, V. I. J. Mol. Struct. 2009, 932, 97. (c¢) Tiimer, Y.;
Yiksektepe, C.; Bati, H.; Cahskan, N.; Biiyiikkgiingor, O. Phosphorus,
Sulfur and Silicon 2010, 185,2449. (d) Albayrak, C.; Kosar, B.; Odabasoghu,
M.; Biiytlikglingor, O. Crystallogr. Rep. 2010, 55, 1203.

(5) Lejeume, N.; Dez, 1.; Jaffrés, P.-A.; Lohier, J.-F.; Madec, P.-J.;
Sopkova-de Oliveira Santos, J. Eur. J. Inorg. Chem. 2008, 138.

(6) Launay, N.; Caminade, A.-M.; Majoral, J. P. J. Organomet.
Chem. 1997, 529, 51.

Org. Lett,, Vol. 15, No. 14, 2013

. o
o‘N N
N N
oL Or
O\F\,/N§P/O
(e
Ny N
o7l
/©/ o
N
N ~o.
N
_
.0 |

N
ﬂ
)
9
Figure 1. Molecular structure of the zero generation dendrimer

with an N3P; core functionalized with six TEMPO radicals
(3-GegT).

Scheme 1
. anhyd THF .
NP3 O@—CHO + HoN N-O = NgPg OQEZN N-O
6 G
1-Gc'y 2 3-Gey T

not too much affected by the presence of the radicals)
permitted also the monitoring of the reaction and determi-
nation of the purity of the new dendrimer confirming
that all the branches were substituted. Matrix-assisted
laser desorption and ionization—time-of-flight (MALDI—
TOF) mass spectrometry, employing a CIN (4-Hydroxy-
3,5-dimethoxycinnamic acid) matrix, showed an isotopic
distribution of peaks at an m/e of 1783 [M "] confirming the
identity of the 3-Gc¢oT dendrimer.

The structure of compound 3-G¢yT was confirmed by
X-ray diffraction analysis. Single crystals were grown from
a slow evaporation of a toluene solution. Figure 2 shows a
view of the asymmetric unit of 3-GeoT.” The cyclotriphos-
phazene ring is nearly planar with slight puckering to a
twisted boat conformation. Maximum deviation from the
mean least-squares plane was detected at the N3 and P3
atoms, both 0.086(2) A above and below the plane. This
conformation is also observed in other solved structures
of cyclotriphosphazene derivatives.*>® The most relevant
feature is that there are three branches situated above
the N3Pj5 ring, with the other three below it. The distances
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Figure 2. An ORTEP view of the molecular structure of com-
pound 3-G¢yT showing the atom-labeling scheme in the asym-
metric unit. Hydrogen atoms and toluene molecules have been
omitted for clarity.

between atoms of the three branches are relatively close,
with a distance between Ng and N5 of TEMPO 1 and 2 of
7.72 A and between N5 and N;3 of TEMPO 2 and 3 of
8.45 A; on the other side of the N3P5 ring, 7.71 and 7.87 Aare
measured for Nj;—N5 and N,—N;s. However, the distance
between N atoms of TEMPOs located at the opposite sides
of the N;3P; ring are 18.88, 21.91, and 18.47 A between
Ny—Nj1, N5s—N7, and Nj3—Nj s, respectively. It is also worth
noting that this molecular conformation is stabilized by
C—H- - - stacking interactions between the benzene rings
of the branches (see the Supporting Information). Full
crystallographic data are listed in Tables S1—S6.”

The EPR spectrum of a 10~* M solution of 3-Ge¢,T in a
mixture of dichloromethane/toluene (1:1) at 350 K shows
seven lines centered at g = 2.0066 and separated by ca.
5.0 G (Figure 3). This would fit with a spectrum generated
by the interaction of three TEMPO radicals. However, the
first, fourth, and seventh lines are more intense than those
for the expected pattern. This result clearly suggests that
the observed spectrum is in fact the sum of at least two
different spectra. To understand this result it is essential to
take into account the magnitude of the magnetic exchange
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interactions, J,'° between the six radical units inside this
molecule as well as the fact that these interactions may be
not constant in solution because the units could be in
movement under such conditions. Consequently, the EPR
spectra should be dependent on the conformation and
mobility of the dendrimer branches and, therefore, the
shape of the spectra should depend on the temperature,
viscosity, and nature of solvent (Figures S3 and S4).
The influence of the exchange interaction J on the EPR
spectra of polyradicals is complex and much less studied
than for biradicals for which there are many reported
examples studied in great detail.'" In the case of a flexible
N-containing biradical,'* with only a through-space spin
exchange mechanism between the two radicals, we may
have two limited cases: (a) When radicals are too far and
the magnitude of J is smaller than the hyperfine coupling
constant with N nuclei, ay, i.e. |J| < |ay], the spectrum of
the biradical is similar to that of two independent mono-
radicals exhibiting three lines separated by the hyperfine
coupling constant an with relative intensities of 1:1:1.
(b) When radicals are closer and thereby |J| > |ayn]| the
spectrum consists of a five-line hyperfine pattern with a
1/2 ayn separation and relative intensities of 1:2:3:2:1. At
intermediate values, where |J| & |ayn|, the spectra are more
complex and strongly dependent on the temperature and
solvent since both conditions may influence the effective
distance between the two radical moieties.

Experimental

Simulated

3300 3320 3340 3360 3380 3400
H (Gauss)

Figure 3. Experimental EPR spectrum of a 107* M solution of
3-GeyT in dichloromethane/toluene (1:1) at 350 K and the
simulated spectrum using data given in the text.

For a polyradical where only a through-space spin
exchange mechanism between radical units is operative,
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the behavior should be similar although more complex
than for biradicals.' Thus, in the case of a compound with
three interacting N-containing radicals (Figure S5), when
radicals are too far and |J| < |ay], the spectrum would be
similar to that of three independent monoradicals exhibit-
ing three lines separated by ayn with 1:1:1 relative intensi-
ties; whereas when radicals are close and |J| > |ay| it would
give rise to a seven-line hyperfine pattern with a separation
of 1/3 an and relative intensities of 1:3:6:7:6:3:1. Finally, in
the case of a molecule with six radicals, when radicals are
too far and therefore not interacting among them the
spectrum would be similar to that of six independent
monoradicals exhibiting three lines separated by an with
relative intensities of 1:1:1, while when radicals interact
strongly among them with equal J values being |J| > |axn/,
we expect to see a hyperfine pattern of 13 lines with a
separation of 1/6 an. As already mentioned before, the
spectrum of 3-Gc¢yT apparently looks like a superposition
of two spectra, centered at the same g-value, one more
intense with seven lines separated by ca. 5.0 G and another
with three lines separated by ca. 15.5 G. Both spectra might
correspond to two interconverting forms of the molecule,
A and B, at slow interconverting rates which exist in
different proportions. Form A could correspond to the
compound with three equivalent radical units at each side
of the molecule interacting strongly among them (and not
with those at the other side of the molecule). The shape
of the spectrum depends strongly on the temperature
(Figure S3), showing an alternating line width effect due
to the modulation of the spin exchange interaction.'* To
minimize this effect, we use the spectrum at 350 K. At this
temperature, we observe a very small alternating line width
effect because the spin exchange interaction is fast. Under
these conditions, the main contribution to form A is the
quartet state. Therefore, to simplify, we can only use such
a quartet state in the simulation.'* In form B the radical
units are magnetically noninteracting among them. The
stabilization by C—H - - -t stacking given in the solid state
becomes weak in solution due to the increased mobility of

(13) (a) Bosman, A. W.; Janssen, R. A. J.; Meijer, E. W. Macro-
molecules 1997, 30, 3606. (b) Ottaviani, M. F.; Modilli, A.; Zeika, O.;
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the branches due to the effect, among other factors, of the
temperature. This facilitates the existence of conforma-
tions in which the branches are arranged asin A but further
apart (form B). In accordance with such an assumption,
the spectrum at 350 K can be simulated as the sum of two
contributions: One originated from form A (in conditions
of fast exchange of a triradical) with an(3N) = 4.96 G
and AH,, = 2.8 G with a 96.5% molar abundance, and
another from the B form with an(IN) = 15.6 G and
AH,, = 1.21 G with a 3.5% molar abundance. The good
agreement between the experimental and simulated EPR
spectra supports that 3-GcgT has in solution the six
branches organized into two groups of three, as occurs in
the solid state.

In conclusion, the 3-G¢yT zero generation dendrimer
based on a cyclotriphosphazene core with pendant nitroxyl
radicals at its branches has been prepared for the first
time. The structure of this compound in the solid state
has been determined by single crystal X-ray diffraction
analysis showing that three branches are situated above the
cyclotriphosphazene ring and the other three below it.
Experimental evidence has also been provided from the
EPR spectra that this specific structure also occurs in
solution.
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