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Abstract: We describe the synthesis of
three series of phosphorus-containing
dendrimers having azobenzene deriva-
tives specifically placed at some gener-
ations in the interior and/or on the
surface. The largest compound obtained
possesses 48 azobenzene groups on the
surface. Irradiation at 350 nm induces
isomerization of the azobenzene groups

from the E form to the Z form, whatever
their location. The thermal back-isomer-
ization to the E form in the dark at room
temperature was observed in all cases.

The kinetics of this Z�E back-isomer-
ization was studied in several cases; the
rate is not dependent on the number of
azobenzene units or of the generation,
when the azobenzene groups are linked
to the surface of the dendrimer. A
different behavior was observed when
the azobenzene groups were located
within the framework of the dendrimer.
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Introduction

Dendrimers constitute an exciting class of special polymers,
whose outstanding features attract intense interest. Indeed,
these hyperbranched macromolecules synthesized in a step-
wise iterative fashion have potential practical applications
springing from their unusual architecture.[1] Furthermore,
dendrimers offer a unique opportunity for the study of
physicochemical behavior of particular groups as a function of
their number, their location, and the molecular size in well-
defined macromolecules.[2] It was shown that the properties of
these macromolecules can correspond to a simple addition of
the elementary properties, to a reduction in these properties,
or to an increase (the so-called ™dendritic effect∫). These
effects may result from the synergistic combination of the
chemical constitution of the building blocks of the dendrimer
and the reduced accessibility of the functional groups to be
studied. In order to unify and rationalize these puzzling results
and to free them from the influence of the nature of the
building blocks, we decided a few years ago to study a single

family of dendrimers, easily tunable to place particular groups
precisely within their structural interior or at their periphery.[3]

We have already demonstrated for these phosphorus-con-
taining dendrimers that the value of a precise property
divided by the number of groups concerned decreases for the
dipole moment,[4] is a constant for the chiroptical[5] and
electrochemical[6] properties, and increases for the catalytic
properties,[7] the stabilization of naked Au55 clusters,[8] and the
transfection efficiency,[9] as a function of the generation.
Pursuing this work, we thought it important to study the
behavior and properties of photoactive moieties precisely
placed within a dendrimer, which would undergo reversible
photoinduced configurational changes. Azobenzene deriva-
tives appear the most suitable photoactive moiety, since it is
well known that they undergo an efficient and fully reversible
photoisomerization reaction.[10] Azobenzene groups have
already been included in the skeleton of dendritic macro-
molecules either in the exterior,[11] at the core,[12, 13] through-
out the dendritic architecture,[14, 15] or at a precise genera-
tion,[16] with various intentions. Among them, one can cite the
encapsulation of guest molecules[11c] and their transport,[13a, 13b]

optical switching,[11b, 11e] holographic storage,[11d] light harvest-
ing,[12a, 12b] long-term energy storage,[12c] and nonlinear optical
materials.[15] Furthermore, their interesting properties for
high-performance technological materials were recently em-
phasized.[17]

We describe here the design of new dendritic structures
having azobenzene derivatives precisely placed at some
generations in the interior and/or at the surface. Figure 1
illustrates various generations of three types of dendrimers.
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Figure 1. Various types of azobenzene-containing dendrimers.

The A family corresponds to azobenzene groups placed at the
first generation and progressively buried in the interior when
the dendrimer is grown. The B family corresponds to
dendrimers having azobenzene groups at each generation
(except at the very core, to avoid a large steric hindrance
during isomerization). The C family corresponds to dendri-
mers having azobenzene groups at each generation starting
from a hexafunctional core. Furthermore, the number of
azobenzene groups is the same for dendrimers A-G1 and C-G0

(6), for B-G2 and C-G1 (18), and for B-G3 and C-G2 (42); this
fact will allow comparison of the influence of crowding on the
photochemical properties.

Results and Discussion

Syntheses : To build up dendrimers incorporating azobenzene
groups precisely placed within their skeleton and using a
procedure derived from the one we generally use,[3] we need
an analogue of p-hydroxybenzaldehyde. The unsymmetrical
azobenzene derivative HO�C6H4�N�N�C6H4�CHO (1)[18]

appears the most suitable for this purpose. Furthermore, it
can also be grafted onto the surface of a dendrimer, by means
of either the phenol or the aldehyde function.

In our first attempt, we treated six equivalents of 1 with
first-generation dendrimers. The reaction of the chlorine
derivative 2-G1 in the presence of cesium carbonate affords
dendrimer 3-G�1, which has six azo and six aldehyde groups on
the surface, while the reaction of the hydrazine derivative
4-G1

[19] affords dendrimer 5-G1 with six azo and six phenol
groups on the surface (Scheme 1). Of course, the grafting of
functionalized azo derivatives could be extended to higher
generation dendrimers, as illustrated by the fourth-generation
5-G4, possessing 48 azobenzene and 48 phenol groups. To the
best of our knowledge, this is the largest number of azo groups
linked to the surface of a dendrimer obtained so far.[20]

The presence of reactive groups on the surface, particularly
the aldehyde functions, permits the continuation of the
synthesis of higher generations of dendrimers. Thus, com-
pound 3-G�1 can be used as starting reagent, either for the
synthesis of dendrimers having azo derivatives only in the
interior at the level of the first generation (A-Gn family), or at
each layer within the branches and on the surface (B-Gn
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Scheme 1. Synthesis of dendrimers with azo groups on the surface only.
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family). The former dendrimers are built from
H2NNMeP(S)Cl2 and NaOC6H4CHO alternately (Scheme 2),
whereas the latter are built from alternate use of
H2NNMeP(S)Cl2 and HOC6H4N�NC6H4CHO in the pres-
ence of cesium carbonate (Scheme 3). In both cases, the
synthesis is stopped at the third generation, giving dendrimers
6-G�3 and 7-G�3, respectively. Both compounds possess
24 CHO end groups, but 6-G�3 has only six azo groups located
at the level of the first generation, whereas 7-G�3 has 42 azo
groups located in three layers, six at the level of the first
generation, 12 at the second generation, and 24 at the third
generation, that is, the surface.

Analogous reactions were carried out starting from a
cyclotriphosphazene core. In this case, the azobenzene
derivatives were directly grafted onto the core, leading to
the hexaazo hexaaldehyde 8-G�0 (Scheme 4). Using the
sequence of reactions already described for 7-G�3, the syn-
thesis was carried out up to the formation of the second
generation 8-G�2 (C-Gn family). This dendrimer possesses

exactly the same number of azobenzene groups and aldehyde
functions as 7-G�3, but its synthesis requires two steps fewer
than the preceding one.

Characterizations : All reactions were monitored by NMR
spectroscopy, particularly by 31P NMR spectroscopy for the
P�Cl�P�O�Ar transformation (from �� 63 to �� 61) and
1H NMR spectroscopy for the CHO�CH�N�R transforma-
tion (disappearance of the aldehyde signal at �� 10). Both
techniques indicated complete reaction at each step with a
precision better than 1%. Size exclusion chromatography
gave thin traces for all dendrimers.

We also tried to characterize these dendrimers by MALDI-
TOF mass spectrometry. We have already reported for
dendrimers containing hydrazone moieties that fragmenta-
tions occur at the level of these bonds owing to their ability to
absorb the laser energy.[21] The presence of azo linkages could
prevent this fragmentation, because the wavelength of the
laser light (337 nm) is in a zone in which the azobenzene
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Scheme 2. Synthesis of dendrimers with interior, first-generation azo groups only (A-Gn family).
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groups absorb strongly (see later). Thus, the expected trans ±
cis isomerization of the azobenzene bonds could help to
release the laser energy and to keep the whole molecule
intact. Initial experiments were carried out with 8-G�0, which
possesses six azo bonds but no hydrazone bond, in order to
check the stability of the azo bonds. The experiments done
with DHB as matrix were disappointing, since fragmentation
of the azo bonds (multiple losses of 117 u) are observed
(Figure 2a). However, the use of dithranol (1,8,9-anthracene-
triol) as matrix gave much better results, and all fragmenta-
tions disappeared (Figure 2b). This trend is similar to the one
observed for dendrimers containing hydrazone moieties.[21]

We tried to apply the same technique to 3-G�1, which possesses
both azo and hydrazone bonds. Fragmentation was observed
at both levels (respective losses of 117 u and 541 u) when
DHB was used as matrix (Figure 3a). Better results were
obtained with dithranol as matrix, particularly if LiI was
added (Figure 3b). However, fragmentation was still ob-
served, even though a clean spectrum was obtained for the
analogous compound without azo groups.[21] In view of these
findings, we predicted that the results should be worse with
higher generations. Indeed, fragmentation was observed in
these cases, in a dramatically higher proportion than that
observed for analogous compounds without azo bonds,[21]

even if the molecular peak was observed. Thus, one may
suppose that the azo bonds absorb energy but then partly
transfer it to the hydrazone bonds, inducing their destabiliza-
tion instead of protecting them. Consequently, MALDI-TOF
MS cannot be used to characterize structure defects for these
phosphorus- and azo-containing dendrimers.

Photochemical behavior : The UV± visible spectrum of azo-
benzene derivative 1 has one intense ��* band at �max�
366 nm (�� 27000��1 cm�1) and a flat n�* band (Table 1).
The ��* band of 1 is greatly red-shifted when compared with
azobenzene (�max� 318 nm), presumably because the elec-

Figure 2. MALDI-TOF MS spectra of compound 8-G�0. a) DHB as matrix.
b) Dithranol as matrix.

trons of 1 can be delocalized in the highly conjugated form 1a
(Scheme 5), which can no longer exist after the grafting of 1 to
phosphorus. Thus, a large decrease is observed for the �max

value of 8-G�0 (336 nm; ����30 nm) (Table 1, Figure 4). The
condensation with the phosphorhydrazide leading to 8-G1

+  6 HO N N CHO N3P3 O N N CHO

N3P3 O N N C
H

N N
Me

PCl2

S

N3P3 O N N C
H

N N
Me

P
S

21 HO N N CHO

O N N CHO

N3P3 O N N C
H

N N
Me

P
S

O N N C
H

N N
Me

PCl2

S

N3P3 O N N C
H

N N
Me

P
S

O N N C
H

N N
Me

P
S

O N N CHO

N3P3Cl6

42 HO N N CHO

6
8-G'0

6 H2NN(Me)P(S)Cl2

6
8-G1

2 6
8-G'1

2 68-G2

2 2 6
8-G'2

12 H2NN(Me)P(S)Cl2

12 Cs2CO3

1

24 Cs2CO3

48 Cs2CO3

Scheme 4. Synthesis of C-Gn family of dendrimers in which the azobenzene derivative is grafted directly onto a core.
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Figure 3. MALDI-TOF MS spectra of compound 3-G�1. a) DHB as matrix.
b) Dithranol as matrix, LiI added.

should lengthen the conjugation (Scheme 5). Indeed, we have
shown several times by X-ray crystallography that
O�C6H4�CH�N�N(Me)P�S linkages are flat, including the
NMe group.[3g±i, 4, 22] This trend is confirmed by the red shift
observed on going from 8-G�0 to 8-G1 (����20 nm). The
grafting of a second layer of azobenzene derivatives (com-
pound 8-G�1� should give a composite band, made of both
previously described influences. The final result is a slight
decrease of the �max value on going from 8-G1 to 8-G�1

HO N N C
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O N N CHOH

O

O N N C
H

NDendri N

Me

P S

1

1a

Scheme 5. Electron delocalization in 1� 1a and the lengthened conju-
gated compound 8-G1.

Figure 4. UV± visible spectra of dendrimers 8-G�0 ± 8-G�2.

(����8 nm). Analogous trends are observed for 8-G2 and
8-G�2 (Table 1, Figure 4). As expected, the intensity of the ��*
band increases with the number of azobenzene groups. An
increase in this band is also observed with increasing
conjugation for the same number of azobenzene groups, on
going from 8-G�n to 8-Gn�1.

Different behavior is expected for the series 3-G�1, 6-G2 ±
6-G�3. Indeed, the azobenzene-type units are not the only
chromophoric groups for these dendrimers. Accordingly,
another type of ��* band at a lower �max value is expected,
corresponding to the aryl aldehyde and/or aryl hydrazone
groups. Indeed, compound 3-G�1 exhibits two bands in the UV
region at �max� 340 nm for the azobenzene aldehyde groups
and another band at �max� 290 nm for the aryl hydrazone

Table 1. UV±visible spectroscopy data.

No. of N�N �max ArN�NAr �ArN�NAr �/No. N�N[a] �max N�N �N�N �max other Ar �other Ar

���* [nm] ���*[a] [��1 cm�1] n��* [nm] n��*[a] [��1 cm�1] ���* [nm] ���*[a] [��1 cm�1]

1 1 366 27000 27000 too flat
3-G�1 6 340 157800 26300 444 4100 290 124300
6-G2 6 360 223200 37200 too flat 284 200800
6-G�2 6 362 198600 33100 442 10100 258 269700
6-G3 6 366 194400 32400 444 12100 286 384500
6-G�3 6 366 204000 34000 too flat 262 525400
7-G�2 18 348 489600 27200 448 39000
7-G3 18 362 648000 36000 442 37500
7-G�3 42 352 1155000 27500 460 74700
8-G�0 6 336 151200 25200 434 5700
8-G1 6 356 225600 37600 440 9800
8-G�1 18 348 498600 27700 440 22300
8-G2 18 362 662400 36800 446 35600
8-G�2 42 352 1176000 28000

[a] Estimated error on the molar absorption coefficient � is �10%.
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groups (Table 1, Figure 5). Condensation with the phosphor-
hydrazide to afford 6-G2 caused a red shift in the �max value of
the ��* azobenzene band as expected (����20 nm), but
had little influence on the �max value of the other ��* aromatic
band. The �max value and the intensity of the ��* azobenzene

Figure 5. UV± visible spectra of dendrimers 3-G�1, 6-G2 ± 6-G�3.

band do not vary significantly on going up to the third
generation 6-G�3, whereas they do for the other aromatic
groups. The grafting of aryl aldehydes on 6-G2 , leading to
6-G�2, induced a band to appear at a lower �max value (258 nm),
with a shoulder due to the internal aryl hydrazones. Con-
densation with the phosphorhydrazide leading to 6-G3

induced the expected red shift, affording a band at �max�
286 nm, which corresponds to the superposition of the signal
of all the aryl hydrazones. Comments similar to those made
for 6-G�2 can be applied to 6-G�3.

Several conclusions can be inferred from these data. Study
of the 3-G�3, 6-G2-6-G�3 series demonstrates that the only factor
influencing the wavelength and the intensity of the maximum
of the ��* absorption band of the azobenzene derivative is
the conjugation (see the transformation 3-G�1 � 6-G2). In-
deed, the growth of several layers without azo groups on this
azo layer, progressively burying the azobenzene groups, had
practically no influence on the �max value. The effects of
conjugation on the �max value were also confirmed by studying
the 8-G�0 ± 8-G�2 series. The value of the molar absorption
coefficient increases with the number of azobenzene groups in
a simple additive way. Indeed, it can be deduced from Table 1
that each azobenzene aldehyde group contributes
�26000��1 cm�1 to the � value, whereas each azobenzene ±
hydrazone group contributes for �37000 (hydrazone ±
P(S)Cl2) or �34000��1 cm�1 (hydrazone ±P(S)(OAr)2) to
the � value. However, the difference between the two types
of azobenzene ± hydrazone groups may be not significant,
since it lies within the limits of the precision of detection
(�10%).

Thus, the position of a particular azobenzene group within
the dendrimer has no influence upon its absorption properties.
On the other hand, it must not be deduced from these findings
that the isomerization properties will be identical for all
compounds. In order to study the influence of the location
upon the isomerization properties of the N�N groups, we

decided to perform some kinetic experiments. However, the
sensitivity of dendrimers 3 and 5 ± 8 toward laser irradiation
observed in mass spectrometry could preclude any study
concerning the photoinduced configurational changes of their
azobenzene moieties. Thus, our first concern was to verify the
stability of the dendrimers in the conditions used for the
E�Z isomerization of the azobenzene moieties.

Irradiations were carried out at 350 nm, that is, in the ��*
band of the azobenzene moieties of the dendrimers, in
chloroform, with concentrations suitable for NMR experi-
ments. Only dendrimers with aldehyde end groups were
studied, and we focused most of our work on dendrimers 3-G�1,
6-G�2, 7-G�2, and 8-G�0. After several hours of irradiation of the
dendrimers (3 to 24 h), new peaks appear in the 31P NMR
spectra close to the peaks corresponding to the initial
dendrimers. 1H NMR spectra show complicated patterns in
the aromatic region, but the aldehyde signal provides very
useful information. Indeed, in all cases it is a singlet for the
initial all-trans dendrimers. After irradiation, new signals
slightly shielded appear in the aldehyde region. The shielding
is ��� 0.2 ppm when the aldehyde is directly linked to the
azobenzene group, namely, for 3-G�1 (Figure 6a). Keeping this

Figure 6. Evolution of the aldehyde signals in 1H NMR spectra after
irradiation at 350 nm.

solution in the dark at 20 �C allows the total recovery of the
initial aldehyde singlet in 1H NMR spectrum, and the 31P
NMR spectrum corresponds again to the all-trans initial
dendrimer. Surprisingly, a shielding of the aldehyde signal is
also observed when the aldehyde is located 14 bonds away
from the azo group (6-G�2�. The shielding is smaller (���
0.035 ppm) but easily detectable (Figure 6b). When this
solution is kept in the dark for five days and then examined
by 1H NMR spectroscopy, the signal corresponding to the
presence of cis isomers is diminished, but it does not disap-
pear totally. Thus, the rate of the recovery of the trans form
seems to be slower for 6-G�2 than for 3-G�1. However, the
recovery of the all-trans dendrimer was total after a few
weeks.
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Dendrimer 7-G�2 possesses azo derivatives at two levels;
thus it is expected that irradiation will induce the formation of
cis isomers at both levels, creating combinatorial series. We
thought that only modifications of the external azo groups
could be detected in 1H NMR spectra, but very unexpectedly,
three signals are observed for the aldehyde groups after
irradiation (Figure 6c). Besides the signal corresponding to
the initial trans-azoaldehyde groups, a signal very close (���
0.015 ppm) and a broad, more shielded signal (��� 0.200
ppm) appear. The only way to account for these results is to
consider that the isomerization of the internal groups is also
detectable in 1H NMR spectra, even if this isomerization
occurs 20 bonds away from the aldehyde end groups. Thus, the
most deshielded (initial) signal corresponds to trans-azoalde-
hydes pertaining to [trans-N�N(CHN)�(trans-N�N(CHO))2] and
[trans-N�N(CHN)�(cis-N�N(CHO))(trans-N�N(CHO))] branches,
the signal closest to this one corresponds to trans-azoalde-
hydes pertaining to [cis-N�N(CHN)�(trans-N�N(CHO))2] and
[cis-N�N(CHN)�(cis-N�N(CHO))(trans-N�N(CHO))] branches,
and the most shielded signal corresponds to cis-azoaldehydes
pertaining to [trans-N�N(CHN)�(cis-N�N(CHO))2], [cis-
N�N(CHN)�(cis-N�N(CHO))2], [trans-N�N(CHN)�(trans-N�N(CHO))-
(cis-N�N(CHO))], and [cis-N�N(CHN)�(trans-N�N(CHO))-
(cis-N�N(CHO))] branches (Figure 7). The presence of four
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Figure 7. Examples of branch isomerism.

types of isomers within this last signal may account for its
broadening when compared to the others. Keeping this
solution in the dark for five days induced the phenomena
already observed for 3-G�1 and 6-G�2. The signal corresponding
to the external cis-azo groups disappeared, whereas the signal
corresponding to the internal cis-azo groups diminished but
did not disappear, indicating a different rate for the recovery
of the trans form. However, the all-trans form reappeared
after several weeks in the dark. Some of these solutions, in
particular those containing dendrimers 3-G�1 and 8-G�0, were
reirradiated and back-isomerized several times (up to seven
times) to check their stability over time. No decomposition
could be detected by comparing the data furnished by NMR
techniques and size exclusion chromatography (SEC) of the
irradiated products (after recovery of the all-trans form) with
those of nonirradiated samples.

These first experiments reassured us of the stability of these
azobenzene dendrimers towards irradiation in the conditions
used for the isomerization. Thus, we decided to study the
photochemical behavior of several azobenzene-containing
dendrimers described in this paper, mostly those having
aldehyde end groups. The experiments were carried out at
295 K in CH2Cl2 or CHCl3, no difference being observed
between experiments carried out in one or the other solvent.
In all cases, the E�Z photoisomerizations were observed by
UV± visible spectroscopy. As an example, Figure 8 displays

Figure 8. Changes in the UV± visible spectrum of 3-G�1 upon irradiation at
350 nm.

the spectral changes observed for the E�Z photoisomeriza-
tion of compound 3-G�1 under 350 nm light. As expected, an
important decrease of absorbance was observed in the near-
UV spectral region (��* absorption band) whereas a slight
increase was observed in the visible region (n�* absorption
band). The presence of isosbestic points during isomerization
confirms the independence of each chromophoric unit. After
a few minutes, the photostationary equilibrium was reached in
dilute solutions (cazo� 10�5�), but several hours were needed
for concentrated solutions (cazo� 10�3�). Assuming that the
absorbance of the Z isomer at the wavelength of the ��* band
maximum can be neglected,[11d] the relative amount of E and
Z isomers can be deduced from the value of the absorbance at
the photostationary equilibrium (Table 2). In some cases, the
E/Z ratio was directly measured by 1H NMR spectroscopy

Table 2. Photostationary equilibria and kinetic data for thermal back-
isomerization (Z�E).

No. N�N Photostationary k295 [s�1] Method
eq. Z [%][a]

1 1 67 9	 10�4 UV/Vis
3-G�1 6 63 1.5	 10�5 1H NMR
6-G2 6 52
6-G�2 6 52 3.3	 10�6 1H NMR
6-G�3 6 42
7-G�2 18 30 1.3	 10�5[b] 1H NMR
7-G�3 42 21
8-G�0 6 47 1.4	 10�5 1H NMR
8-G1 6 44
8-G�2 42 12

[a] For dilute solutions. [b] For azo groups at the surface only.
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and correlated well with the values deduced from UV
absorption, confirming the assumption made previously on
the negligible value of the Z absorption. Interesting conclu-
sions can be drawn from these data. First, the progressive
burying of the azobenzene groups inside the dendrimer
induces a progressive reluctance of the azobenzene groups
to isomerize, as shown by the decreasing amount of Z form
registered on going from 3-G�1 to 6-G�3, from 63% to 42% of Z
isomer. Second, a higher density also induces a lower
percentage of isomerization, as shown by the comparison
between 3-G�1 and 8-G�0 (63% and 47% of Z isomer,
respectively), or between 7-G�3 and 8-G�2 (21% and 12% of
Z isomer, respectively). Third, a higher number of azoben-
zene groups also induces reluctance of the azo groups to
isomerize, as shown by the comparison between 6-G�3 and
7-G�3 (42% and 21% of Z isomer, respectively).

The NMR data indicate that the thermal back-isomer-
ization (Z�E) is a rather lengthy process for dendrimers
(several hours to several days). We could not use UV± visible
spectrophotometry to study these kinetics, owing to problems
of temperature regulation over a long time inducing unreli-
able results. The only usable UV±visible kinetic data
concerned compound 1 in dilute solutions (c� 4.4	 10�5�),
which back-isomerizes in the dark within less than one hour.
The t0 time corresponds to the end of irradiation. A plot of
ln(A�A0) versus time is a straight line, with A0 being the
absorbance at 359 nm (�max) for the trans isomer, and A being
the absorbance at 359 nm at time t (Figure 9). The slope gives
the value of the first-order rate constant, k� 9 10�4 s�1 at
295 K (Table 2). Because of the high rate of isomerization, we
could not monitor it by 1H NMR spectroscopy.

Figure 9. Kinetic data for the thermal back-isomerization (Z�E) of the
azo bonds for compounds 1, 3-G�1, 6-G�2, 8-G�0, and the surface azo groups of
7-G�2.

On the other hand, 1H NMR spectroscopy is a perfectly
suitable technique to monitor the Z�E isomerization of azo
dendrimers by integration of the signals corresponding to the
aldehyde groups. This technique gives a direct measurement,
which does not necessitate any approximation, unlike UV
measurements. Concentrated solutions irradiated for several
hours were used, but the photostationary equilibrium ob-
served for dilute solutions was not reached in these cases,
presumably because of differences in the temperature of the

samples during prolonged irradiation. The t0 time was at least
one hour after the end of irradiation, to allow the sample to
reach a constant temperature (295 K) in the NMR machine.
First experiments were carried out with dendrimer 3-G�1. A
plot of ln[Icis/(Icis � Itrans)] versus time was also a straight line,
with Icis and Itrans being the integration corresponding to the
CHO groups linked to cis and trans azobenzene groups,
respectively. The strict adherence to first-order kinetics
demonstrates that all the azobenzene groups of dendrimer
3-G�1 behave independently, as has already been demonstrat-
ed for other azo-containing dendrimers.[16] The value of the
first-order rate constant deduced from the slope is k� 1.5	
10�5 s�1 at 295 K (Table 2).

Analogous experiments were carried out with dendrimer
8-G�0. Its behavior is very similar to that observed for 3-G�1, as
expected for compounds having the same number of azo
groups (i.e. , six) located in the external layer. The first-order
rate constant is k� 1.4	 10�5 s�1 (Figure 9, Table 2). On the
other hand, dendrimer 6-G�2 behaves differently. This com-
pound derives from 3-G�1 and it possesses the same number of
azo groups (i.e., six), but they are included within the skeleton
of the dendrimer and not on the surface. However, the same
procedure can be applied to the 1H NMR spectra of 6-G�2,
using integration of the aldehyde groups located on the
surface at 14 bonds from the trans or cis azo groups. A straight
line is also obtained when ln[Icis/(Icis � Itrans)] is plotted versus
time, indicating here also the independent behavior of the azo
groups within the dendrimer. However, the rate constant k
deduced from the slope is appreciably different: 3.3	 10�6 s�1

for 6-G�2 versus 1.5	 10�5 s�1 for 3-G�1 (Figure 9, Table 2).
Dendrimer 7-G�2 constitutes a more complex case, owing to

the presence of two types of azo derivatives, one type located
on the surface and the other within the interior. The total
description of the kinetic parameters of this system is not
obtainable by 1H NMR spectroscopy, but the rate of the
Z�E isomerization of the azoaldehyde groups on the surface
is accessible, again from a plot of ln[Icis/(Icis � Itrans)] versus
time. In this case, the Icis value corresponds to the integration of
the most shielded aldehyde signal, and the Itrans value corre-
sponds to the sum of integration of the two most deshielded
aldehyde signals (see above for the description of the attribu-
tion made for these signals, and Figure 6). The rate constant of
the back-isomerization of the azoaldehyde groups is deduced
from the straight line obtained in Figure 9, that is, 1.3	 10�5 s�1.

Several conclusions can be drawn from these kinetic data.
First, the E form of the azo groups located on the surface is
recovered at identical rates whatever the generation consid-
ered (compare values obtained for 8-G�0, 3-G�1, and 7-G�2�.
Second, the burying of the azo groups within the dendrimeric
structure (as in the case of 6-G�2� considerably lowers the rate
of the back-isomerization. At first glance, this result could be
interpreted as the effect of steric hindrance and lower
flexibility. However, it was previously demonstrated that the
incorporation of azobenzene derivatives within dendrimers[16]

or polymers[23] in fact has no influence upon their cis ± trans
thermal isomerization, even if a recent paper points out that
the rate constant of this isomerization increases with the ring
size for azobenzene-containing macrocycles.[24] On the other
hand, it is evident that the azo groups located on the surface
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are of a type different from the azo groups located in the
interior, with an aldehyde as substituent in the first case and a
hydrazone in the second case. A difference in the substituents
is known to induce a difference in the rate of the thermal
isomerization.[25] Another illustration of this behavior is given
here by the large decrease observed between the azo
derivative 1 (HO substituent) and the same azo derivative
linked to the surface of the dendrimer (P�O substituent), for
which steric hindrance is unlikely to be involved. Thus, it
appears that a large part of the rate difference observed for
the back-isomerization is most likely due to substituent effects
rather than to position inside the dendrimer or on the surface.

Conclusion

We have synthesized three series of phosphorus-containing
dendrimers with azobenzene units precisely placed within
their framework. The presence of these azobenzene groups
induces higher sensitivity of the dendrimer to laser light for
the MALDI-TOF MS technique, but does not preclude
studying the photochemical behavior of these dendrimers.
The position of a particular azobenzene group within the
dendrimer has no influence upon its absorption properties.
The only factor influencing the wavelength of the maximum
of the ��* absorption band is the conjugation, since the
progressive burying of the azobenzene groups inside the
dendrimer has practically no influence on the �max value
(series 3-G�1, 6-G2 ± 6-G�3�. Furthermore, the value of the molar
absorption coefficient �max increases with the number of
azobenzene groups in a simple additive way, within the limits
of precision.

On the other hand, the relative amount of E and Z isomers
obtained at the photostationary equilibrium reached by
irradiation with a 350 nm light differs greatly depending on
the location of the azobenzene groups. Progressive burying of
the azobenzene groups inside the dendrimer induces a
progressive reluctance to isomerize. A higher density and a
higher number of azobenzene groups induce the same
phenomenon. The kinetic data for the back-isomerization
(Z�E) of some dendrimers was deduced from 1H NMR

spectra. Very unexpectedly, it was shown that the signal
corresponding to the aldehyde end groups is sensitive to
configurational changes occurring at a distance of 14 and even
20 bonds from this group. A strict adherence to first-order
kinetics is observed, demonstrating that all the azobenzene
groups behave independently. The rate of recovery of the E
form for azobenzene groups located on the surface is similar,
whatever the generation–and thus the number of azoben-
zene groups–considered. On the other hand, the large
difference observed for this rate depending on the location
of the azobenzene groups appears most likely to be due to a
substituent effect than to the location. Thus, surprisingly, the
photochemical behavior of azobenzene groups is very com-
parable to the electrochemical behavior of ferrocene groups
linked to or included in the same type of dendrimers.

Experimental Section

General : All reactions were carried out in the absence of air, by means of
standard Schlenk techniques and vacuum-line manipulations. All solvents
were dried before use. Instrumentation: Bruker AM250 and DPX300 (1H,
13C, and 31P NMR); Perkin ±Elmer 1725X (FT-IR); Hewlett Packard (UV/
Vis) connected to Hewlett Packard Vectra VL series 5/133 computer
(program used: HP UV/Vis Configuration Edition); PerSeptive Biosys-
tems Voyager Elite equipped with a nitrogen laser (337 nm) (mass
spectrometry). All irradiation was carried out at 263 K with a homemade
irradiation system equipped with 350 nm lamps. SEC data were obtained
with a Waters 410 differential diffractometer. The numbering used for
NMR data of dendrimers is depicted in Scheme 6. References for NMR
chemical shifts were 85%H3PO4 for 31P NMR, SiMe4 for 1H and 13C NMR.
The 13C NMR signals were assigned by Jmod, two-dimensional HMBC, and
HMQC, broadband, or CW 31P decoupling experiments when necessary.
Compounds 1[8] and 4-Gn

[19] were prepared according to published
procedures. All dendrimers containing azobenzene groups were protected
against light at all times during the synthesis and were stored in the dark.
Most photochemical experiments were carried out with several batches,
without noticeable changes.

General procedure for the synthesis of dendrimers with azobenzene
aldehyde end groups (3-G�1, 7-G�2, 7-G�3, 8-G�0, 8-G�1, 8-G�2): A mixture of
dendrimer with P(S)Cl2 end groups (a : 2-G1, 0.50 g, 0.55 mmol; b : 6-G2 ,
0.25 g, 0.083 mmol; c : 7-G3 , 0.23 g, 0.032 mmol; d : N3P3Cl6, 0.50 g,
1.44 mmol; e : 8-G1, 0.50 g, 0.204 mmol; f : 8-G2 , 0.52 g, 0.078 mmol),
4-[(4-hydroxyphenyl)azo]-benzaldehyde (1; a : 0.77 g, 3.41 mmol; b : 0.23 g,
1.02 mmol; c : 0.18 g, 0.777 mmol; d : 2.00 g, 8.77 mmol; e : 0.57 g,
2.51 mmol; f : 0.43 g, 1.90 mmol), and Cs2CO3 (a : 2.22 g, 6.82 mmol; b :

Scheme 6. Numbering used for NMR studies.



Phosphorus Dendrimers 2172±2183

Chem. Eur. J. 2002, 8, No. 9 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0809-2181 $ 20.00+.50/0 2181

0.67 g, 2.04 mmol; c : 0.51 g, 1.56 mmol; d : 5.60 g, 17.3 mmol; e : 1.63 g,
5.02 mmol; f : 1.24, 3.80 mmol) in THF (15 ± 25 mL) was stirred overnight at
room temperature, then evaporated to dryness. The residue was extracted
with CH2Cl2 (3	 25 mL). The liquid phases were recovered and evaporated
under vacuum to give a paste, which was washed three times with THF/
pentane (1/10) to give an orange powder of a : 3-G�1 ; b : 7-G�2 ; c : 7-G�3 ; d :
8-G�0 ; e : 8-G�1 ; f : 8-G�2.

General procedure for the synthesis of dendrimers 5-Gs (n� 1, 4): One
equivalent of dendrimer 4-Gn (n� 1: 0.200 g, 0.132 mmol; n� 4: 0.098 g,
0.0049 mmol) and 3	 2n equivalents the azo derivative 1 (n� 1: 0.18 g,
0.792 mmol; n� 4: 0.053 g, 0.236 mmol) were dissolved in THF (n� 1:
10 mL; n� 4: 5 mL) and stirred overnight at room temperature. The
solution was concentrated (2/3 of the solvent was evaporated), then
pentane was added to precipitate a powder. The solution was filtered, and
the powder was washed with THF/pentane (1/10) to give 5-Gn as orange
powders.

General procedure for the synthesis of dendrimers with P(S)Cl2 end groups
(6-G2, 6-G3, 7-G3, 8-G1, 8-G2): A solution of Cl2P(S)NCH3NH2 (0.23�) in
CHCl3 (a : 11.4 mL, 2.63 mmol; b : 3.10 mL, 0.714 mmol; c : 2.7 mL,
0.629 mmol; d : 7.0 mL, 1.60 mmol; e : 5.43 mL, 1.25 mmol) was added
slowly to a solution of dendrimer with aldehyde end groups (a : 3-G�1, 0.80 g,
0.390 mmol; b : 6-G�2, 0.23 g, 0.0567 mmol; c : 7-G�2, 0.26 g, 0.050 mmol; d : 8-
G�0, 0.36 g, 0.244 mmol; e : 8-G�1, 0.47 g, 0.0992 mmol) in THF (5 ± 20 mL) at
room temperature. The resulting solution was stirred overnight, then the
solvent was removed under vacuum, and the residue was washed three
times with CH2Cl2/pentane (1/10) to give an orange powder of a : 6-G2 , b : 6-
G3 , c : 7-G3, d : 8-G1, e : 8-G2 .

General procedure for the synthesis of dendrimers with benzaldehyde end
groups (6-G�n, n� 2, 3): NaOC6H4CHO (n� 2: 0.18 g, 1.24 mmol; n� 3:
0.16 g, 1.12 mmol) was added to a solution of dendrimer 6-Gn (n� 2: 0.30 g,
0.0995 mmol, n� 3: 0.28 g, 0.0462 mmol) in THF (15 mL). The resulting
mixture was stirred overnight, then centrifuged and filtered. The solution
was evaporated to dryness, and the residue was washed three times with
THF/pentane (1/10) to give 6-G�n as an orange powder.

Dendrimer 3-G�1 : 98% yield (1.10 g); 31P {1H} NMR (CDCl3): �� 52.6 (P0),
61.3 (P1); 1H NMR (CDCl3): �� 3.43 (d, 3J(H,P)� 10.7 Hz, 9H; CH3NP1),
7.31 (dd, 3J(H,H)� 8.6 Hz, 4J(H,P)� 1.3 Hz, 6H; C2

0H), 7.41 (dd,
3J(H,H)� 8.8 Hz, 4J(H,P)� 1.4 Hz, 12H; C2

1H), 7.69 (s, 3H; CH�N(0)),
7.76 (d, 3J(H,H)� 8.6 Hz, 6H; C3

0H), 7.95 (d, 3J(H,H)� 8.8 Hz, 12H; C3
1H),

7.97 (s, 24H; C6�7
1 H), 10.06 (s, 6H; CHO); 13C {1H} NMR (CDCl3): �� 33.0

(d, 2J(C,P)� 13.6 Hz; CH3NP1), 121.6 (d, 3J(C,P)� 4.8 Hz; C2
0�, 122.2 (d,

3J(C,P)� 5.8 Hz; C2
1�, 123.3 (C3

1�, 124.8 (C6
1�, 128.5 (C3

0�, 130.7 (C7
1�, 132.5

(C4
0�, 137.5 (C8

1�, 138.9 (d, 3J(C,P)� 13.8 Hz; CH�N(0)), 149.9 (C4
1�, 151.3 (d,

2J(C,P)� 7.9 Hz; C1
0�, 153.3 (d, 2J(C,P)� 7.9 Hz, C1

1�, 155.7 (C5
1�, 191.0

(CHO); IR (KBr): �� � 1699 cm�1 (CHO); UV/Vis (CHCl3): �max (�)� 340
(157800), 444 nm (4100��1 cm�1); elemental analysis calcd (%) for
C102H78N18O15P4S4 (2048.01): C 59.82, H 3.83, N 12.30; found C 60.00, H
3.93, N 12.35.

Dendrimer 5-G1: 76% yield (0.28 g); 31P {1H} NMR ([D6]DMSO): �� 15.2
(d, 2J(P�1,P1)� 25.7 Hz; P�1�, 60.6 (d, 2J(P1,P�1�� 25.7 Hz; P1), 77.9 (P0);
1H NMR ([D6]DMSO): �� 3.23 (d, 3J(H,P1)� 8.8 Hz, 18H; CH3NP1), 3.32
(d, 3J(H,P0)� 8.4 Hz, 9H; CH3NP0), 7.04 (d, 3J(H,H)� 8.4 Hz, 12H; HC2

2�,
7.50 ± 7.90 (m, 51H; Harom, CH�N), 7.73 (d, 3J(H,H)� 15.5 Hz, 12H; HC7

2�,
7.77 (d, 3J(H,H)� 15.5 Hz, 12H; HC6

2�, 7.88 (d, 3J(H,H)� 8.4 Hz, 12H;
HC3

2�, 10.46 (br s, 6H; OH); 13C {1H} NMR ([D6]DMSO): �� 33.9 (d,
2J(C,P1)� 9.9 Hz; CH3NP1), 34.4 (d, 2J(C,P0)� 8.2 Hz; CH3NP0), 117.2
(C2

2�, 123.7 (C3
2�, 126.1 (C6

2�, 127.4 (d, 3J(C,P�1�� 11.1 Hz; C2
1�, 127.9 (C7

2�,
129.9 (d, 3J(C,P�1�� 12.8 Hz; Cm

1 �, 130.2 (dd, 1J(C,P�1�� 106.0 Hz,
3J(C,P1)� 2.8 Hz; C4

1�, 130.5 (brd, 1J(C,P�1�� 106.7 Hz; Ci
1�, 133.4 ± 134.2

(m; C3
1, Co

1, C
p
1�, 135.3 (d, 3J(C,P1)� 14.0 Hz; CH�N(2)), 138.4 (m; CH�N(1)),

139.7 (C8
2�, 140.5 (d, 4J(C,P)� 2 Hz; C1

1�, 140.6 (C4
2�, 152.5 (C1

2�, 162.2 (C5
2� ;

UV/Vis (DMSO): �max (�)� 262 (97400), 324 (98500), 396 nm
(165000��1 cm�1); elemental analysis calcd (%) for C144H132N33O6P7S4

(2765.9): C 62.53, H 4.81, N 16.71; found C 62.28, H 4.74, N 16.63.

Dendrimer 5-G4 : 67% yield (0.099 g); 31P {1H} NMR ([D8]THF): �� 14.3
(d, 2J(P�4,P4)� 26.5 Hz; P�4�, 15.3 (brd, 2J(P,P)� 27.8 Hz; P�1, P�2, P�3�, 59.8 (d,
2J(P4,P�4�� 26.5 Hz; P4), 59.9 (m; P1, P2, P3), 76.7 (P0); 1H NMR ([D8]THF):
�� 3.33 (br s, 279H; CH3), 6.99 (d, 3J(H,H)� 7.8 Hz, 96H; HC2

5�, 7.30 ± 8.20
(m, 819H; Harom, CH�N), 7.84 (d, 3J(H,H)� 15.4 Hz, 96H; HC7

5�, 7.88 (d,
3J(H,H)� 15.4 Hz, 96H; HC3

5�, 9.23 (br s, 48H; OH); 13C {1H} NMR

([D8]THF): �� 32.1 (d, 2J(C,P4)� 10.8 Hz; CH3NP4), 32.5 (m; CH3), 115.6
(C2

5�, 122.5 (C3
5�, 124.7 (C6

5�, 125.6 (m; C2
1�4�, 126.6 (C7

5�, 128.3 (d, 3J(C,P)�
11.8 Hz; Cm

1�4�, 129.7 (brd, 1J(C,P)� 106 Hz; C4
1, Ci

1�, 130.0 (brd, 1J(C,P)�
107 Hz; C4

2�3, Ci
2�3�, 130.3 (brd, 1J(C,P)� 106 Hz; C4

4, Ci
4�, 132.1 (m; Cp

1�4�,
132.9 (br s; C3

1�4, Co
1�4, CH�N(5)), 138.2 (m; CH�N(1±4)), 139.2 (s; C8

5, C1
1�,

141.0 (br s; C1
2�4�, 146.3 (C4

5�, 151.8 (C1
5�, 160.9 (C5

5� ; UV/Vis (DMSO): �max

(�)� 262 (1296000), 340 (1520000), 396 nm (1380000��1 cm�1); elemental
analysis calcd (%) for C1572H1434N327O48P91S46 (29968): C 63.00, H 4.82, N
15.28; found C 62.89, H 4.88, N 15.11.

Dendrimer 6-G2 : 99% yield (1.16 g); 31P {1H} NMR (CDCl3): �� 52.5 (P0),
61.6 (P1), 63.1 (P2); 1H NMR (CDCl3): �� 3.41 (d, 3J(H,P)� 10.2 Hz, 9H;
CH3NP1), 3.50 (d, 3J(H,P)� 13.6 Hz, 18H; CH3NP2), 7.30 (d, 3J(H,H)�
8.7 Hz, 6H; C2

0H), 7.38 (dd, 3J(H,H)� 8.8 Hz, 3J(H,P)� 1.3 Hz, 12H;
C2

1H), 7.65 (s, 3H; CH�N(0)), 7.72 (s, 6H; CH�N(1)), 7.77 (d, 3J(H,H)�
8.7 Hz, 6H; C3

0H), 7.85 ± 7.94 (m, 36H; C3�6�7
1 H); 13C {1H} NMR (CDCl3):

�� 31.9 (d, 2J(C,P)� 13.8 Hz; CH3NP2), 33.1 (d, 2J(C,P)� 12.2 Hz;
CH3NP1), 121.6 (d, 3J(C,P)� 4.6 Hz; C2

0�, 122.1 (d, 3J(C,P)� 5.2 Hz; C2
1�,

123.4 (C3
1�, 124.5 (C6

1�, 128.2 (C7
1�, 128.5 (C3

0�, 132.6 (C4
0�, 136.4 (C8

1�, 138.9
(d, 3J(C,P)� 13.8 Hz; CH�N(0)), 140.7 (d, 3J(C,P)� 18.3 Hz; CH�N(1)),
149.9 (C4

1�, 151.3 (d, 2J(C,P)� 7.6 Hz; C1
0�, 152.8 (d, 2J(C,P)� 7.7 Hz; C1

1�,
153.1 (C5

1� ; UV/Vis (CHCl3): �max (�)� 360 nm (223200��1 cm�1); elemen-
tal analysis calcd (%) for C108H96Cl12N30O9P10S10 (3013.98): C 43.03, H 3.21,
N 13.94; found C 42.95, H 3.32, N 13.85.

Dendrimer 6-G�2 : 93% yield (0.33 g); 31P {1H} NMR (CDCl3): �� 52.5 (P0),
60.4 (P2), 61.7 (P1); 1H NMR (CDCl3): �� 3.42 (d, 3J(H,P)� 10.6 Hz, 27H;
CH3NP1,2), 7.32 (d, 3J(H,H)� 8.2 Hz, 6H; C2

0H), 7.39 (d, 3J(H,H)� 8.0 Hz,
36H; C2

1�2H), 7.70 (s, 9H; CH�N(0,1)), 7.78 (d, 3J(H,H)� 8.2 Hz, 6H; C3
0H),

7.86 (d, 3J(H,H)� 8.0 Hz, 24H; C3
2H), 7.84 ± 7.93 (m, 36H; C3�6�7

1 H), 9.93 (s,
12H; CHO); 13C {1H} NMR (CDCl3): �� 33.1 (d, 2J(C,P)� 13.8 Hz;
CH3NP1,2), 121.6 (d, 3J(C,P)� 3.8 Hz; C2

0�, 122.0 (d, 3J(C,P)� 5.3 Hz; C2
2�,

122.1 (d, 3J(C,P)� 5.3 Hz; C2
1�, 123.4 (C3

1�, 124.5 (C6
1�, 127.8 (C7

1�, 128.5 (C3
0�,

131.5 (C3
2�, 132.6 (C4

0�, 133.7 (C4
2�, 136.8 (C8

1�, 139.0 (d, 3J(C,P)� 13.9 Hz;
CH�N(0)), 139.7 (d, 3J(C,P)� 13.8 Hz; CH�N(1)), 150.0 (C4

1�, 151.3 (d,
2J(C,P)� 7.7 Hz; C1

0�, 152.7 (d, 2J(C,P)� 7.0 Hz; C1
1�, 153.0 (C5

1�, 155.1 (d,
2J(C,P)� 6.1 Hz; C1

2�, 190.7 (CHO); IR (KBr): �� � 1702 cm�1 (CHO); UV/
Vis (CHCl3): �max (�)� 258 (269700), 362 (198600), 442 nm
(10100��1 cm�1); elemental analysis calcd (%) for C192H156N30O33P10S10

(4041.92): C 57.05, H 3.89, N 10.39; found C 57.17, H 4.05, N 10.17.

Dendrimer 6-G3 : 85% yield (0.29 g); 31P {1H} NMR (CDCl3): �� 52.5 (P0),
61.7 (P1,2), 63.6 (P3); 1H NMR (CDCl3): �� 3.43 (brd, 3J(H,P)� 13.9 Hz,
63H; CH3NP1,2,3), 7.29 (d, 3J(H,H)� 8.0 Hz, 30H; C2

0�2H), 7.38 (d,
3J(H,H)� 8.6 Hz, 12H; C2

1H), 7.63 (s, 21H; CH�N(0,1,2)), 7.71 (d,
3J(H,H)� 8.0 Hz, 24H; C3

2H), 7.68 ± 7.93 (m, 42H; Harom);13C {1H} NMR
(CDCl3): �� 31.7 (d, 2J(C,P)� 13.1 Hz; CH3NP3), 33.0 (d, 2J(C,P)�
12.6 Hz; CH3NP2), 32.1 (d, 2J(C,P)� 12.6 Hz; CH3NP1), 121.5 (d,
3J(C,P)� 4.4 Hz; C2

0�, 121.8 (d, 3J(C,P)� 4.4 Hz; C2
2�, 121.9 (d, 3J(C,P)�

5.1 Hz; C2
1), 123.2 (C3

1�, 124.3 (C6
1�, 128.0 (C7

1�, 128.2 (C3
0�, 128.6 (C3

2�, 131.4
(C4

2�, 132.4 (C4
0�, 136.9 (C8

1�, 138.9 (d, 3J(C,P)� 15.6 Hz; CH�N(0,1)), 140.5
(d, 3J(C,P)� 18.6 Hz; CH�N(2)), 149.8 (C4

1�, 151.2 (d, 2J(C,P)� 6.2 Hz; C1
0�,

151.7 (d, 2J(C,P)� 6.8 Hz; C1
2�, 152.5 (d, 2J(C,P)� 7.1 Hz; C1

1�, 152.7 (C5
1� ;

UV/Vis (CHCl3): �max (�)� 286 (384500), 366 (194400), 444 nm
(12100��1 cm�1); elemental analysis calcd (%) for C204H192Cl24N54O21P22S22

(5973.86): C 41.01, H 3.23, N 12.66; found C 41.32, H 3.54, N 12.76.

Dendrimer 6-G�3 : 86% yield (0.30 g); 31P {1H} NMR (CDCl3): �� 52.6 (P0),
60.5 (P3), 61.9 (P1,2); 1H NMR (CDCl3): �� 3.37 (brd, 3J(H,P)� 10.3 Hz,
63H; CH3NP1,2,3), 7.34 (d, 3J(H,H)� 7.7 Hz, 90H; C2

0�1�2�3H), 7.62 (s, 12H;
CH�N(2)), 7.66 (s, 9H; CH�N(0,1)), 7.83 (d, 3J(H,H)� 7.7 Hz, 48H; C3

3H),
7.70 ± 7.93 (m, 66H; Harom), 9.91 (s, 24H; CHO); 13C {1H} NMR (CDCl3):
�� 32.8 (d, 2J(C,P)� 13.4 Hz; CH3NP3), 32.9 (d, 2J(C,P)� 12.7 Hz;
CH3NP1,2), 121.8 (d, 3J(C,P)� 4.8 Hz; C2

0�1�2�3�, 123.2 (C3
1�, 124.3 (C6

1�, 127.6
(C7

1�, 128.2 (C3
2�, 128.4 (C3

0�, 131.3 (C3
3�, 131.7 (C4

2�, 132.4 (C4
0�, 133.5 (C4

3�
136.9 (C8

1�, 139.0 (d, 3J(C,P)� 13.1 Hz; CH�N(0,1)), 139.4 (d, 3J(C,P)�
14.2 Hz; CH�N(2)), 149.8 (C4

1�, 151.2 (d, 2J(C,P)� 6.1 Hz; C1
0�, 151.3 (d,

2J(C,P)� 6.5 Hz; C1
2�, 151.4 (d, 2J(C,P)� 7.3 Hz; C1

3�, 152.6 (d, 2J(C,P)�
6.9 Hz; C1

1� 152.7 (C5
1�, 190.6 (CHO); IR (KBr): �� � 1702 cm�1 (CHO); UV/

Vis (CHCl3): �max (�)� 262 (525400), 366 nm (204000��1 cm�1); elemental
analysis calcd (%) for C372H312N54O69P22S22 (8029.75): C 55.64, H 3.91, N
9.42; found C 55.79, H 4.25, N 9.49.

Dendrimer 7-G�2 : 90% yield (0.20 g); 31P {1H} NMR (CDCl3): �� 52.5 (P0),
61.0 (P2), 61.6 (P1); 1H NMR (CDCl3): �� 3.42 (m, 27H; CH3NP1,2), 7.40
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(m, 42H; C2
0�1�2H), 7.70 ± 8.08 (m, 123H; Harom, CH�N(0,1)), 10.05 (s, 12H;

CHO); 13C {1H} NMR (CDCl3): �� 33.1 (d, 2J(C,P)� 12.2 Hz; CH3NP1),
33.2 (d, 2J(C,P)� 13.3 Hz; CH3NP2), 121.6 (d, 3J(C,P)� 4.5 Hz; C2

0�, 122.2
(d, 3J(C,P)� 5.3 Hz; C2

1�2�, 123.3 (C3
2�, 123.4 (C3

1�, 124.4 (C6
1�, 124.8 (C6

2�,
127.8 (C7

1�, 128.5 (C3
0�, 130.7 (C7

2�, 132.6 (C4
0�, 136.9 (C8

1�, 137.5 (C8
2�, 138.9 (d,

3J(C,P)� 19.7 Hz; CH�N(0)), 139.3 (d, 3J(C,P)� 13.9 Hz; CH�N(1)), 149.9
(C4

2�, 149.9 (C4
1�, 151.3 (d, 2J(C,P)� 7.9 Hz; C1

0�, 152.7 (d, 2J(C,P)� 6.1 Hz;
C1

1�, 152.9 (C5
1�, 153.3 (d, 2J(C,P)� 6.5 Hz; C1

2�, 155.7 (C5
2�, 191.6 (CHO); IR

(KBr): �� � 1696 cm�1 (CHO); UV/Vis (CHCl3): �max (�)� 348 (489600),
448 nm (39000��1 cm�1); elemental analysis calcd (%) for
C264H204N54O33P10S10 (5291.26): C 59.92, H 3.88, N 14.29; found C 59.83, H
3.65, N 14.02.

Dendrimer 7-G3 : 86% yield (0.31 g); 31P {1H} NMR (CDCl3): �� 52.4 (P0),
61.2 (P2), 61.6 (P1), 63.1 (P3); 1H NMR (CDCl3): �� 3.46 (m, 63H;
CH3NP1,2,3), 7.32 (m, 42H; C2

0�1�2H), 7.60 ± 8.00 (m, 135H; Harom,
CH�N(0,1,2)) ;13C {1H} NMR (CDCl3): �� 31.9 (d, 2J(C,P)� 13.7 Hz;
CH3NP3), 33.1 (d, 2J(C,P)� 12.0 Hz; CH3NP1), 33.2 (d, 2J(C,P)� 13.5 Hz;
CH3NP2), 121.7 (d, 3J(C,P)� 3.5 Hz; C2

0�, 122.1 (d, 3J(C,P)� 3.9 Hz; C2
1�2�,

123.4 (C3
1�2�, 124.5 (C6

1�2�, 127.8 (C7
1�, 128.2 (C7

2�, 128.6 (C3
0�, 132.6 (C4

0�, 136.4
(C8

2�, 137.0 (C8
1�, 139.2 (d, 3J(C,P)� 14.2 Hz; CH�N(0)), 139.4 (d, 3J(C,P)�

13.8 Hz; CH�N(1)), 140.1 (d, 3J(C,P)� 19.0 Hz; CH�N(2)), 149.9 (C4
1�2�,

151.2 (d, 2J(C,P)� 7.7 Hz; C1
0�, 152.7 (d, 2J(C,P)� 6.1 Hz; C1

1�, 152.8 (d,
2J(C,P)� 7.3 Hz; C1

2�, 152.9 (C5
1�, 153.1 (C5

2� ; UV/Vis (CHCl3): �max (�)� 362
(648000), 442 nm (37500��1 cm�1); elemental analysis calcd (%) for
C276H240Cl24N78O21P22S22 (7223.19): C 45.89, H 3.34, N 15.12; found C
46.02, H 3.57, N 15.35.

Dendrimer 7-G�3 : 85% yield (0.27 g); 31P {1H} NMR (CDCl3): �� 52.5 (P0),
61.0 (P3), 61.5 (P1,2); 1H NMR (CDCl3): �� 3.43 (m, CH3NP1,2,3 ; 63H), 7.42
(m, 90H; C2

0�1�2�3H), 7.50 ± 8.20 (m, 279H; Harom, CH�N(0,1,2)), 10.01 (br s,
24H; CHO); 13C {1H} NMR (CDCl3): �� 33.2 (brd, 2J(C,P)� 13.4 Hz;
CH3NP1,2,3), 121.6 (br s; C2

0�, 122.1 (br s; C2
1�2�3�, 123.3 (C3

1�3�, 123.4 (C3
2�, 124.4

(C6
1�2�, 124.8 (C6

3�, 127.8 (C7
1�2�, 128.5 (C3

0�, 130.7 (C7
3�, 132.5 (C4

0�, 136.9 (C8
2�,

137.0 (C8
1�, 137.4 (C8

3�, 138.9 (d, 3J(C,P)� 13.7 Hz; CH�N(0)), 139.2 (d,
3J(C,P)� 13.8 Hz; CH�N(1)), 139.3 (d, 3J(C,P)� 12.4 Hz; CH�N(2)), 149.6
(C4

2�, 149.8 (C4
1�, 150.0 (C4

3�, 151.3 (br s; C1
0�, 152.7 (d, 2J(C,P)� 7.1 Hz; C1

1�2�,
152.8 (C5

1�2�, 153.3 (d, 2J(C,P)� 7.4 Hz; C1
3�, 155.6 (C5

3�, 191.6 (CHO); IR
(KBr): �� � 1698 cm�1 (CHO); UV/Vis (CHCl3): �max (�)� 352 (1155000),
460 nm (74700��1 cm�1); elemental analysis calcd (%) for
C588H456N126O69P22S22 (11777.75): C 59.96, H 3.90, N 14.98; found C 60.0,
H 3.99, N 15.23.

Dendrimer 8-G�0 : 95% yield (0.21 g); 31P {1H} NMR (CDCl3): �� 8.4 (P0);
1H NMR (CDCl3): �� 7.20 (d, 3J(H,H)� 7.9 Hz, 12H; C2

0H), 7.80 (d,
3J(H,H)� 7.9 Hz, 12H; C3

0H), 7.88 (br s, 24H; C6�7
0 H), 10.05 (s, 6H; CHO);

13C {1H} NMR (CDCl3): �� 121.5 (C2
0�, 123.3 (C3

0�, 124.7 (C6
0�, 130.5 (C7

0�,
137.5 (C8

0�, 149.8 (C4
0�, 152.8 (d, 2J(C,P)� 6.9 Hz; C1

0�, 155.5 (C5
0�, 191.4

(CHO); IR (KBr): �� � 1700 cm�1 (CHO); UV/Vis (CHCl3): �max (�)� 336
(151200), 434 nm (5700��1 cm�1); elemental analysis calcd (%) for
C78H54N15O12P3 (1486.30): C 63.03, H 3.66, N 14.13; found C 63.22, H
3.98, N 14.26.

Dendrimer 8-G1: 98% yield (0.59 g); 31P {1H} NMR (CDCl3): �� 8.7 (P0),
62.6 (P1); 1H NMR (CDCl3): �� 3.51 (d, 3J(H,P)� 13.7 Hz, 18H; CH3NP1),
7.17 (d, 3J(H,H)� 8.7 Hz, 12H; C2

0H), 7.69 (s, 6H; CH�N(0)), 7.78 (d,
3J(H,H)� 8.7 Hz, 12H; C3

0H), 7.80 (d, 3J(H,H)� 7.0 Hz, 24H; C6�7
0 H); 13C

{1H} NMR (CDCl3): �� 32.5 (d, 2J(C,P)� 12.3 Hz; CH3NP1) 121.5 (C2
0�,

123.4 (C3
0�, 124.5 (C6

0�, 128.1 (C7
0�, 136.3 (C8

0�, 140.8 (d, 3J(C,P)� 19.5 Hz;
CH�N(0)), 149.9 (C4

0�, 152.4 (br s; C1
0�, 153.1 (C5

0� ; UV/Vis (CHCl3): �max

(�)� 356 (225600), 440 nm (9800��1 cm�1); elemental analysis calcd (%)
for C84H72Cl12N27O6P9S6 (2452.27): C 41.14, H 2.95, N 15.42; found C 41.30,
H 3.20, N 15.31.

Dendrimer 8-G�1 : 85% yield (0.82 g); 31P {1H} NMR (CDCl3): �� 8.6 (P0),
61.2 (P1); 1H NMR (CDCl3): �� 3.42 (d, 3J(H,P)� 10.5 Hz, 18H; CH3NP1),
7.20 (d, 3J(H,H)� 8.9 Hz, 12H; C2

0H), 7.41 (dd, 3J(H,H)� 8.7 Hz,
4J(H,P)� 1.3 Hz, 24H; C2

1H), 7.72 (s, 6H; CH�N(0)), 7.82 (d, 3J(H,H)�
8.7 Hz, 24H; C3

1H), 7.90 (d, 3J(H,H)� 8.9 Hz, 12H; C3
0H), 7.91 (s, 24H;

C6�7
0 H), 7.95 (br s, 48H; C6�7

1 H), 10.04 (s, 12H; CHO); 13C {1H} NMR
(CDCl3): �� 33.2 (d, 2J(C,P)� 12.0 Hz; CH3NP1) 121.6 (C2

0�, 122.1 (d,
3J(C,P)� 5.5 Hz; C2

1�, 123.3 (C3
1�, 123.5 (C3

0�, 124.3 (C6
0�, 124.8 (C6

1�, 127.8
(C7

0�, 130.6 (C7
1�, 137.0 (C8

0�, 137.5 (C8
1�, 139.4 (d, 3J(C,P)� 13.8 Hz;

CH�N(0)), 149.9 (C4
0�1�, 152.5 (br s; C1

0�, 152.8 (C5
0�, 153.2 (d, 2J(C,P)�

7.8 Hz; C1
1�, 155.6 (C5

1�, 191.5 (CHO); IR (KBr): �� � 1699 cm�1 (CHO);

UV/Vis (CHCl3): �max (�)� 348 (498600), 440 nm (22300��1 cm�1); ele-
mental analysis calcd (%) for C240H180N51O30P9S6 (4729.55): C 60.95, H 3.83,
N 15.10; found C 61.12, H 3.65, N 14.98.

Dendrimer 8-G2 : 99% yield (0.67 g); 31P {1H} NMR (CDCl3): �� 8.7 (P0),
61.3 (P1), 63.0 (P2); 1H NMR (CDCl3): �� 3.39 (d, 3J(H,P)� 10.1 Hz, 18H;
CH3NP1), 3.47 (d, 3J(H,P)� 13.3 Hz, 36H; CH3NP2), 7.17 (d, 3J(H,H)�
7.6 Hz, 12H; C2

0H), 7.40 (d, 3J(H,H)� 7.1 Hz, 24H; C2
1H), 7.68 (s, 18H;

CH�N(0,1)), 7.79 ± 7.94 (m, 108H; C3�6�7
0�1 H); 13C {1H} NMR (CDCl3): �� 31.9

(d, 2J(C,P)� 12.4 Hz; CH3NP2), 33.2 (d, 2J(C,P)� 13.4 Hz; CH3NP1), 121.6
(C2

0�, 122.1 (d, 3J(C,P)� 3.9 Hz; C2
1�, 123.4 (C3

1�, 123.6 (C3
0�, 124.5 (C6

0�1�,
127.7 (C7

0�, 128.1 (C7
1�, 136.4 (C8

1�, 137.1 (C8
0�, 139.2 (d, 3J(C,P)� 14.1 Hz;

CH�N(0)), 140.7 (d, 3J(C,P)� 17.9 Hz; CH�N(1)), 149.9 (C4
0�1�, 152.4 (br s;

C1
0�, 152.8 (d, 2J(C,P)� 8.6 Hz; C1

1�, 152.9 (C5
0�, 153.1 (C5

1� ; UV/Vis
(CHCl3): �max (�)� 362 (662400), 446 nm (35600��1 cm�1); elemental
analysis calcd (%) for C252H216Cl24N75O18P21S18 (6661.48): C 45.43, H 3.26,
N 15.77; found C 45.58, H 3.37, N 15.55.

Dendrimer 8-G�2 : 85% yield (0.56 g); 31P {1H} NMR (CDCl3): �� 8.6 (P0),
61.1 (P2), 61.5 (P1); 1H NMR (CDCl3): �� 3.41 (br s, 54H; CH3NP1,2), 7.39
(br s, 84H; C2

0�1�2H), 7.50 ± 8.20 (m, 270H; Harom, CH�N(0,1)), 9.98 (s, 24H;
CHO); 13C {1H} NMR (CDCl3): �� 33.2 (d, 2J(C,P)� 12.7 Hz; CH3NP1,2),
121.5 (C2

0�, 122.1 (d, 3J(C,P)� 3.3 Hz; C2
1�2�, 123.3 (C3

2�, 123.4 (C3
0�1�, 124.4

(C6
0�1�, 124.8 (C6

2�, 127.8 (C7
0�1�, 130.6 (C7

2�, 137.0 (C8
1�, 137.1 (C8

0�, 137.7 (C8
2�,

139.3 (d, 3J(C,P)� 13.7 Hz; CH�N(0,1)), 149.8 (C4
0�1�2�, 152.4 (br s; C1

0�, 152.7
(d, 2J(C,P)� 8.7 Hz; C1

1�, 152.8 (C5
0�1�, 153.3 (d, 2J(C,P)� 7.0 Hz; C1

2�, 155.6
(C5

2�, 191.6 (CHO); IR (KBr): �� � 1697 cm�1 (CHO); UV/Vis (CHCl3): �max

(�)� 352 nm (1176000��1 cm�1); elemental analysis calcd (%) for
C564H432N123O66P21S18 (11216.04): C 60.39, H 3.88, N 15.36; found C 60.28,
H 3.95, N 15.28.
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