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Abstract: Polyamidoamine (PAMAM) dendrimers up
to the third generation were grown for the first time
on the surface of a large-pore (18 nm) Davisil silica
support. The supported dendrimers of generations 0,
1, 2 and 3 were phosphinomethylated and complexed
with rhodium. All the generations were found to be
very active for the hydroformylation of olefins. The
hydroformylation of 1-octene was accomplished with

a turnover frequency of 1700 h�1 at 70 8C. The G(1)
material was found to be the most active when the dif-
ferent generations were compared at 50% conversion
at 70 8C

Keywords: functionalized dendrimers; hydroformyla-
tion; immobilization; mesoporous silica; rhodium;
supported catalysts

Introduction

Dendrimers are macromolecules with very distinct
structural characteristics.[1] They are usually synthesized
by stepwise polymerization of branched monomers,
leading to highly branched macromolecules. The mono-
mers can be diverse, and many different branching mol-
ecules have been incorporated into dendrimers.[2] Den-
drimers can be functionalized quite easily, especially
on the surface, and this has led to the use of these mole-
cules as “supports” for transition metal catalysts. Au-
thoritative reviews on dendrimer-based catalysts are
readily available.[3] Functionalized dendrimers grown
on solid supports such as resins, polymer beads or inor-
ganic oxides, e.g., amorphous silica, have attracted
much interest in recent years as recyclable heterogen-
ized homogeneous catalysts.[4–11] Alper and co-work-
ers[4–7] have used Rh- and Pd-complexed dendrimers
anchored on an amorphous silica, with an average
pore size of 6 nm, as catalysts for various reactions in-
cluding carbonylation and theHeck reaction. These cat-
alysts were highly efficient and unique activity and re-
gioselectivity are observed in many cases. The catalysts
can usually be recycled without significant loss in activ-
ity. The higher generation catalysts suffered from re-
duced activity, even though these systems should have
higher concentrations of active sites than their lower
counterparts. This was attributed to steric crowding,[4]

due to the size of the dendrimers as well as the wide
pore size distribution of the amorphous silica support.
To investigate the effect of the support porosity we syn-

thesized rhodium-functionalized polyamidoamide (PA-
MAM) dendrimers on a periodic mesoporous MCM-41
silica with large pore (6.5 nm).[12] We found that the pore
size indeed influences the success of the dendrimer syn-
thesis, and a threshold is reached at G(3), when the den-
drimer becomes too large to fit inside the pores of the
support. This has the undesirable effect of causing the
higher generations to be subject to significant steric
crowding, and has a detrimental effect on the activity
of the catalysts. In another study,[13] we used a pore-ex-
panded MCM-41 silica with 10.8 nm pores, and were
able to successfully synthesize up toG(4) PAMAMden-
drimers within the support channels with an average
yield per synthesis step better than 99%. Likewise,
Acosta et al.[14] synthesized up to G(4) triazine-diamine
dendrimers inside the channels of 8.3 nm pore SBA-15
silica.

The purpose of the current investigation is to deter-
mine if dendrimers synthesized on a silica with an essen-
tially flat external surface would be subject to similar
steric interactions, and thereby distinguish between ster-
ic effects due to the pore geometry of the support, and
those due to the increasing size of the dendrimers them-
selves. To this end we synthesized PAMAM dendrimers
up to the third generation on very large pore (18 nm)
amorphous silica available commercially as Davisil
grade 643. The relatively large size of the pores when
compared to the size of the dendrimers gives a situation
where a flat external surface is simulated.
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Results and Discussion

Characterization Results

Figure 1 depicts the nitrogen adsorption-desorption iso-
therms for Davisil silica and the supported dendrimers.
All isotherms were IUPAC Type IV with the character-
istic nitrogen condensation and evaporation steps. All
the structural properties calculated based on nitrogen
adsorption data are shown in Table 1. As indicated by
the fact that the nitrogen condensation steps are not
very sharp, the pore size distributions of all materials
are quite broad, and the average sizes given in Table 1
should be used as rough estimates. It is instructive to
note that the surface area, the pore volume and pore
size decrease significantly, but not linearly, with increas-
ing dendrimer generations. Compared to G(�0.5) ma-
terial, i.e., pure Davisil silica, the G(0), APTES-grafted
Davisil, exhibited a significantly lowerBET surface area
(SBET¼230 vs. 280 m2 g�1), pore volume (V¼0.77 vs.
0.95 cm3 g�1) and pore size (DKJ,S¼16.8 vs. 18.0 nm).
This is consistent with similar observations reported in
the literature.[12–14,15–17] Further decreases of the specific
surface area, pore volume and size occurred upon reac-
tion of methyl acrylate with G(0) material to obtain
G(0.5). Compared to the starting material, the surface
area and pore volume decreased by about 40%,whereas
the pore size decreased by ca. 14%. However, as shown

in Table 1, upon reaction of methyl propylaminopropio-
nate-functionalized Davisil [G(0.5)] with ethylenedia-
mine to obtain G(1) material, the structural properties
hardly changed. This is most likely due to the fact that
there is only a small difference in size between the half
generations and the next full generations, whereas the
radius of the dendrimers changes significantly between
full generations and the following half generations.[12]

Thus, a substantial decrease of SBET, Vandw takes place
only during the branching steps. Consistent with this ob-
servation, the surface area, pore volume, and size of
G(1.5) were much lower than those of G(1), but almost
identical to those ofG(2). Similarly, theG(2.5) andG(3)
exhibit a drop in the pore size, but for thesematerials the
surface area changed only modestly. This is significantly
different from the 6.5 nmporeMCM-41-supported den-
drimers prepared previously where pore blocking was
observed at G(2.5)–G(3).[12]

Cross-polarized magic angle spinning (CP/MAS) 13C
NMR was used in this study for the identification of
functional groups. Figure 2 shows a representative 13C
NMR spectrum. This spectrum exhibits the same gener-
al features as observed forG(3) dendrimer supportedon
large-pore (6.5 nm)[12] or pore-expanded (10.8 nm)[13]

MCM-41 silica, with the signals at 51.56 and 38.04 ppm
corresponding to the carbons of the ethylenediamine
moiety and thebackboneof themethacrylatemoiety, re-
spectively. The two remaining carbons from the amino-
propylsilane are barely visible at 10.09 and 23.02 ppm.
This spectrum serves to show that the amide signal at
173.91 ppm, although clearly visible and large, is subject
to considerable line broadening and therefore does not
allow for clear distinction between amide and ester
groups (172.78 ppm) which occur at a different stage
of dendrimer growth. This is a limitation of the 13C
NMR technique because the full dendrimer generations
were prepared by changing ester groups into amide
groups and should therefore only contain amides. It is
thus impossible to ascertain from 13C NMR if full con-
version between half and full generations was accom-
plished. As shown below, FTIR spectroscopy was found
to be an ideal tool to address this shortcoming.

Figure 1. Nitrogen adsorption-desorption isotherms for Davi-
sil supported dendrimers.

Table 1. Surface area (SBET), pore size (DKJS) and pore vo-
lume (V) for the Davisil series dendrimers.

Generation SBET [m2 g�1] DKJS [nm] V [cm3 g�1]

�0.5[a] 280 18.0 0.95
0 230 17.5 0.77
0.5 169 15.5 0.60
1 163 14.4 0.59
1.5 133 13.4 0.52
2 132 13.2 0.50
2.5 130 11.5 0.48
3 126 11.3 0.50

[a] Generation (�0.5) refers to the Davisil silica support.
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The phosphinomethylated dendrimers were charac-
terized by solid-state 31P and 13C NMR spectroscopy.
The 13C NMR spectra showed a new signal at 129 ppm
corresponding to the aromatic carbons of the phosphine
groups. A signal at �28 ppm in the 31P NMR spectrum
compares well with previously reported systems[5] and
the internal standard ([MePþPh3]Br�) gave a signal at
20.71 ppm. After complexation, the 31P NMR spectrum
had 2 signals, one at �28 ppm corresponding to the un-
complexed phosphines, and the other at 24.9 ppm corre-
sponding to the rhodium-complexed phosphines.

Infrared spectroscopywas used to complement the 13C
NMR data. The IR spectra for the support [G(�0.5)],
the grafted propylamine [G(0)] and the supported den-
drimers [G(0.5)–G(3)] are shown in Figure 3. The ab-
sorption band at 1740 cm�1, clearly visible in all the
half generations, was attributed to the CO stretching
of the ester groups. The signals at 1643 cm�1 and
1547 cm�1 were due to the CO stretching and the N�H
bending/C�N stretching of the secondary amide groups,
respectively. It is therefore possible to distinguish be-
tween the amide function in the full generation den-
drimers and the ester function in the half generations.
Thus, FTIR spectroscopy offers a simple tool to deter-
mine if the amidation reactions proceed to full conver-
sion. However, FTIR does not provide any evidence as
towhether theMichael additions proceed to completion
or not. The FTIR spectrum of the G(0.5) species clearly
shows the ester incorporation but at G(1), some ester
functional groups can still be detected even though the
amides now represent the largest part of the functional

groups. Then from G(1) to G(1.5), the incorporation
of the ester groups is again clearly demonstrated. Like-
wise, at G(2), FTIR offered evidence of unreacted ester
groups and a small amount of ester groups remained
even up to G(3). The spectra were recorded using an
ATR system that allows direct comparison between
the samples due to the uniform contact of the sample
with the ATR crystal. Therefore the increasing intensity
of the peaks can be directly related to the amount of
amides and esters in the samples. It is, however, difficult
to quantify this increase due to the increasing organic
mass added to the Davisil silica, and it is impossible to
correct these spectra without using other information
like silica content from TGA data. The absorption at
3277 cm�1 was assigned to the amide N�H stretching,
whereas the absorptions at 2951 cm�1 and 2824 cm�1

were due to C�H stretching in the molecule. However,
the bands at 1740 cm�1, 1643 cm�1 and 1547 cm�1 are
the most important indicators as to how successful the
dendrimer growth was.

The TGA spectra of all half and full generations are
represented together in Figure 4. It is clear that the
half generations and their next full generations exhibit
similar weight loss indicating that the dendrimers are
of similar molecular weights, and by inference similar
sizes. This is consistent with the behavior of pore size
and volume as determined by nitrogen adsorption (Fig-
ure 2, Table 1) and by the theoretical weight losses as
shown in Table 2.

To assess the effectiveness of the reactions leading to
different dendrimer generations, a method for accurate

Figure 2. 13C CP/MAS NMR spectrum of the G(3)C2-PA-
MAM dendrimer supported on Davisil silica. Figure 3. FTIR spectra for the Davisil supported dendrimers.
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determination of the yield of such reactions was devel-
oped based on the combined use of TGA data and ele-
mental analysis (EA) data with baseline correction.
The EA was used to firstly determine the amount of
amines on the surface of the Davisil after grafting of
APTES, i.e., G(0). This procedure is, in our view, more
accurate and reproducible than previously used acid-
base titration.[18] As shown in Table 2 (column 7), the
EA data for the G(0) material allowed us to calculate
the weight loss that would correspond to quantitative

formation of dendrimers at every step of the synthesis.
The actual weight loss corresponding to the combustion
of supported dendrimers was determined by thermo-
gravimetry as the weight loss between 120 and 800 8C,
i.e., excluding the weight loss due to the desorption of
water (Table 2, column 5). This value was further cor-
rected for the weight loss due to the amount of silica in
the sample by using the weight loss of the unmodified
Davisil silica support (Table 2, column 6). The weight
losses for all materials were also calculated by adding
the experimental amounts of C, N and H obtained by
EA and the amount of oxygen calculated based on the
theoretical oxygen to nitrogen ratio of any given den-
drimer (Table 2, column 7). It is interesting to note
that the obtained weight losses were consistent within
1–2% with corrected TGA derived weight losses (Ta-
ble 2, column 6).

Assuming that all synthesis steps proceed with 100%
yield, theoretical weight losses (Table 2, column 7)
were calculated based on the nitrogen content of mate-
rial G(0). Comparison between the corrected experi-
mental TGA weight loss and the theoretical weight
loss allowed us to calculate the overall yield (OY) for
each dendrimer generation (Table 2, column 8). It is
seen that as the dendrimer generation increases, the
OY decreases to reach 51.30% for the G(3) species. At
first glance these results seem disappointing. However,
a closer inspection of the statistics of dendrimer growth
shows otherwise. At issue is the determination of the
average yield (AY) per reaction (i.e., synthesis step)
based on the overall yield, which represents the cumula-
tive yield of all the steps involved. To address this ques-
tion, let us consider the synthesis of the G(3) material.
The G(3) dendrimer was obtained from G(0) via 28 re-
action steps. The following relationship holds: OY¼
(AY)x, where x is the number of reactions involved.

Figure 4.Weight loss as measured by TGA for Davisil sup-
ported dendrimers.

Table 2. Comparison between experimental (TGA and elemental analysis) and theoretical weight losses for the Davisil series
dendrimers.

Generation Composition[a] Experimental
weight loss[b]

[%] (corrected)

EA weight
loss[c] [%]

Theoretical weight
loss[d] [%]

Overall
yield [%]

N [%] C [%] H [%]

0 1.23 3.12 1.09 3.84 5.44 5.10 75.28
0.5 1.16 8.93 1.94 14.48 17.33 17.55 82.51
1 3.22 9.76 2.15 15.83 16.60 20.93 75.64
1.5 2.90 13.51 2.51 23.35 25.55 36.83 63.39
2 4.67 13.74 2.70 23.77 23.57 40.76 58.33
2.5 4.20 17.08 3.03 30.96 32.42 56.98 54.33
3 5.93 17.00 3.23 31.04 29.43 60.51 51.30

[a] Determined by elemental analysis.
[b] Determined by TGA as the weight loss between 120 and 800 8C, excluding the loss of water. This loss was corrected by tak-

ing into account the weight loss of the unmodified silica support.
[c] Corresponds to the amount of N, C and H determined by elemental analysis and the amount of oxygen calculated on the

basis of the theoretical O/N ratio of any given dendrimer.
[d] This weight loss, calculated on the basis of amine content of G(0), corresponds to complete formation of dendrimers at ev-

ery step of the synthesis.
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Thus, AY¼ (OY)1/x. In the case of the current G(3) den-
drimer, AY¼ (0.513)1/28¼0.976. This shows that al-
though the OY for the dendrimer at G(3) is only
51.3% it is probably as good as is attainable in the diver-
gent dendrimer synthesis approachwithout purification,
and with all the steric interactions involved.[19]

This finding obviously means that some reactions did
not proceed to completion and it is believed that the
most hindering factor is the steric interference involved,
especially for reactions with the higher dendrimers.
Some evidence for this can be seen in the IR studywhere
residual ester functionalities were found in all the full-
generation dendrimers. However, compared to smaller
pore amorphous silica, the current large pore Davisil
silica showed a higher degree of growth and a higher
yield of formation of grafted dendrimers.[7]

Phosphinomethylation and Complexation of the
Different Dendrimer Generations

The different dendrimer generations were phosphino-
methylated as described earlier.[12] To carry out further
metal complexation, the determination of the amount
of phosphine that was incorporated into the material is
required. To this end an internal standard method in
conjunction with 31P NMR measurements was used.
This afforded a close approximation of the phosphine
content. To determine the phosphine levels more pre-
cisely we used ICPMS analysis (Table 3). Although use-
ful, the NMR method was less precise than the ICP MS
analysis, but the results nonetheless could be used to de-
termine the amount of rhodium for the complexation.
This final synthesis step was achieved by reacting the
rhodium-containingmetal complexwith the phosphino-
methylated dendrimer (two equivalents of phosphine
for each metal) species under argon in toluene. At this
point we were expecting that the higher generations of
the dendrimers would suffer from steric encumbrance
similar to that observed earlier for the MCM-41 series
dendrimers.[12] Instead, ICP MS analysis and the quanti-
tative 31P NMR showed that the higher generations ac-
tually containedmore phosphorus than theG(0) species

([2.87% forG(3) vs. 1.99% forG(0)]. In our earlierwork
using a 6.5 nm pore MCM-41 silica we found that the
G(3) dendrimer was so sterically hindered due to the
size of the dendrimer and the limited space available
in the MCM-41 channels that almost no phosphorus
was incorporated.[12] This finding supports the notion
that dendrimers supported on external surfaces are
less prone to steric factors than ones supported inside
the channels ofmesoporousmaterials. It is therefore im-
perative to investigate the structural characteristics of
the support to determine if enough space is available
for the desired dendrimer growth before a supported
dendrimer synthesis is attempted.

Catalytic Activity for the Hydroformylation of Olefins

The catalytic properties of G(0)–G(3) materials were
investigated using the hydroformylation of olefins as a
test reaction. Among other substrates, a relatively
long-chain linear olefin was used in the hydroformyla-
tion test reaction due to the specific separation difficul-
ties facing industrial processes of these olefins. The sep-
aration becomes challenging due to the high boiling
point of long-chain aldehyde products, and homogene-
ous catalysts of these olefins should not only be temper-
ature-stable but very robust as distillation is usually used
to separate the catalyst and product streams. In the case
of a heterogeneous catalyst, a simple separation by fil-
tration would have significant impact on the hydrofor-
mylation of these olefins. 1-Octene was selected as the
olefin substrate and remarkable activity was achieved
with the current catalysts. The G(0) catalyst gave a turn-
over frequency (TOF) of over 1700 h�1 at 70 8C with a
total turnover number (TON) of 12000.

Similar to the 6.5 nm pore MCM-41 supported den-
drimer series,[12] the currentDavisil silica-supported cat-
alysts were also tested for olefin hydroformylation with
1-octene as the substrate. With the MCM-41-supported
dendrimerswe observed that the higher generations suf-
fer from lower activity due to the lower levels of phos-
phorus and rhodium, as well as the considerable steric
encumbrance of these systems. For the MCM-41 series
dendrimers the G(0) catalyst was the most active, and
a negative effect of dendrimer growth was observed
with the G(2) dendrimer being essentially inactive.
The steric encumbrance was so severe that the G(3) cat-
alyst could not be prepared. However, contrary to the
MCM-41 series, theDavisil series showed significant ac-
tivity even to the third generation (Figure 5).

It is clear fromTable 4 that the activity of the catalysts
decreases with increasing generation, but the G(3) cata-
lysts still showed activity comparable to previously re-
ported systems.[12] As the rhodium content of the cata-
lysts differ it is difficult to control the concentration of
the active sites, and therefore the activity at 50%conver-
sion was compared. In Figure 6 the activity as a function

Table 3. Rhodium and phosphorus ICP MS analysis of the
Davisil series dendrimers.

Generation P [wt %] Rh [wt%]

P-G(0)
Rh-G(0)

1.99
2.43 1.70

P-G(1)
Rh-G(1)

1.86
1.50 2.87

P-G(2)
Rh-G(2)

1.99
2.02 3.30

P-G(3) 2.87
Rh-G(3) 2.10 2.03
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of catalyst mass is compared with the activity as a func-
tion of rhodium content. It is interesting to note that the
activity of the G(1) catalyst is in both cases the highest
and the other generations are normalized using this val-
ue. Moreover, it is important to point out that contrary
to theMCM-41 series,[12] theG(1) catalyst has higher ac-
tivity than theG(0). This shows that the support plays an
important role in obtaining high dendrimer generation
active catalysts.

TheG(1) catalyst was then tested for activity with var-
ious other substrates. Vinyl acetate, vinyl benzoate and
styrene were selected because these substrates are com-

monly used in industry. All reactions were affected at
70 8Cas theMCM-41 substrates showed the best activity
at this temperature (Table 5). The catalysts were tested
for recyclability, but none of the generations could be re-
cycled. This is surprising as the MCM-41 catalysts could
be recycledwithoutmuch loss of activity. It therefore ap-
pears that the pore structure also has a significant effect
on the success of the recyclability. This could be due to
the higher local concentration of phosphine in the steri-
cally encumbered environment inside the pores of
MCM-41. This would allow leached rhodium to be re-
captured before it could diffuse out of the pores, a signif-
icant difference between the two supports.

Figure 5. Graphical representation of the conversion vs. time
for the G(0)–G(3) Davisil series dendrimer catalysts.

Figure 6. Graphical representation of the relative activity of
G(0)–G(3) Davisil series dendrimer catalysts taken at 50%
conversion.

Table 4. Comparison of the activity for the hydroformylation of 1-octene of Rh-complexed Davisil supported dendrimers with
different generations.[a]

Entry Generation Time [h] Conversion [%] L :B TOF[b] [h�1]

1 0 6.67 93 1.93 1700
2 1 4.5 99 1.65 1600
3 2 5 99 1.8 1360
4 3 22 98 1.70 300

[a] Conditions: 50 mg of catalyst, 100 mmol of 1-octene, 70 8C, 1000 psi H2 :CO¼1 : 1 in cyclohexane (90 mL)
[b] TOF is the number of hydroformylated substrate molecules per hour and per Rh atoms. This is an average turnover frequen-

cy over the whole reaction time.

Table 5. Activity in the hydroformylation reaction for the Rh-complexed Davisil supported G(1) dendrimer.[a]

Entry Substrate Amount [mmol] T [8C] Conversion[c] [%] B :L[d] TOF [h�1]

1 styrene 40 70 99 8 325
2 vinyl acetate 40 70 80 14 261
3 vinyl benzoate 40 70 99 26 325
4 1-octene 100[b] 70 99 0.52 1600

[a] All reaction times: 22 h, 20 mg of catalyst (5.4 mmol Rh) in CH2Cl2, 1000 psi H2 :CO¼1 : 1.
[b] 50 mg of catalyst (14 mmol Rh), 6.67 h.
[c] Determined by GC.
[d] Branched to linear aldehyde, determined by 1H NMR and GC.
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Conclusion

Polyamidoamine (PAMAM) dendrimers up to the third
generation were grown for the first time on the surface
of a large-pore (18 nm) Davisil silica support. Detailed
characterization using nitrogen adsorption, solid-state
NMR, FTIR, thermogravimetry, and elemental analysis
showed that the dendrimers formed inside the channels
with an average yield higher than 97%, all synthesis
steps being included. Generations 0, 1, 2 and 3 dendrim-
ers supported on Davisil were phosphinomethylated
and complexed with rhodium. These catalysts also
showed excellent activity for the hydroformylation reac-
tion, with a maximum turnover frequency of 1700 h�1

observed for the hydroformylation of 1-octene. The
G(1) catalysts was identified as the most active at 50%
conversion. TheDavisil-supported catalysts could, how-
ever, not be recycled.

Experimental Section

Propylamine Grafting

This was performed in a three-necked round flask under nitro-
gen. 10 g of Davisil (Grade 643, Aldrich) silica gel was first
dried at 120 8C for 2 h to remove surface humidity and then
added into 200 mL of boiling anhydrous toluene. After 1 h of
stirring and refluxing, 4.82 g of 3-aminopropyltriethoxysilane
(APTES, Gelest) were added to this mixture, which was then
stirred and refluxed at 110 8C for 5 h. The white amine-func-

tionalized Davisil silica was separated by filtration, thoroughly
washed with toluene and dried under ambient conditions.

Preparation and Characterization of Dendrimers
Supported on Davisil Silica

Polyamidoamine (PAMAM)dendrimers, up to the third gener-
ation [G(3)] (Scheme 1) were prepared, on amine-modified
large-pore Davisil silica, using a modified multistep procedure
based on literature methods[4] (Scheme 2). Samples will be
referred to as G(x), where x is the number of the dendrimer
generation. The starting Davisil silica will be designated as
G(�0.5), and the propylamine-modified material as G(0). The
synthesis of G(0.5) was carried out as follows. Aminopropyl-
functionalized Davisil silica (5.2 mmol NH2, 6 g) and methyl
acrylate (0.14 mol, 11.82 g) were stirred at 50 8C in dry metha-
nol (300 mL) under a nitrogen atmosphere for 5 days. Themix-
ture was cooled and filtered through a medium pore frit under
nitrogen flow and washed with dry methanol (3�50 mL). The
residual solvent was removed under vacuum, affording methyl
propylaminopropionate-functionalized Davisil in 98% yield.

Supported G(1) dendrimer was prepared as follows. Methyl
propylaminopropionate-functionalizedDavisil (0.10 mol ester
groups, 6 g) was added to ethylenediamine (65 mL) in dry
methanol (300 mL) under a nitrogen atmosphere. The reaction
mixturewas stirred for 5 days and the resultingG(1) dendrimer
supported on Davisil was isolated by filtration through a me-
dium pore frit. The solid was washed with dry methanol (3�
50 mL), and the residual solvent was removed under vacuum.
The higher generations were prepared by repetition of the
two steps described above, the amount of reagents being ad-
justed as required.

Scheme 1. Structure of generations 0–3 of silica-supported PAMAM dendrimers.
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Phosphinomethylation of Dendrimers

The dendrimers were phosphinomethylated using diphenyl-
phosphine and paraformaldehyde by modification of the liter-
ature method.[20] The double phosphinomethylation of the ter-
minal amine groups of the dendrimers was achieved by react-
ing the dendrimers with diphenylphosphinomethanol pre-
pared in situ from diphenylphosphine and paraformaldehyde
in toluene (110 8C, 48 h). The actual procedure was as follows.
To a stirred suspension of paraformaldehyde (0.84 equivs.,
1.36 g) in dry toluene (20 mL) under argon was added diphe-
nylphosphine (0.054 mol, 10 g). The resulting mixture was
heated to reflux (110 8C) and stirred for 2 h until the mixture
became clear. At this stage, aminopropyl-functionalized Davi-
sil (2.25 mmol NH2, 2.5 g) was added and the resulting suspen-
sion was stirred under argon at reflux (110 8C) for 48 h. The
phosphinomethylated aminopropyl-functionalized MCM-41
was isolated by filtration through a medium pore frit under a
flow of argon and the resulting light yellow solid was washed
with toluene (2�20 mL). The residual solvent was removed
under vacuum. Phosphinomethylated materials will be refer-
red to as P-G(x).

Complexation of the Phosphinomethylated
Dendrimers

The phosphinomethylated dendrimers were readily com-
plexed (Scheme 3) on treatment with the appropriate rhodium
complex in toluene (room temperature, 1–2 h under argon).
The support turned yellow and decolorization of the superna-
tant solvent was used as an indication of the extent of complex-
ation. The detailed procedure was as follows. Phosphinome-
thylated aminopropyl-functionalized Davisil (0.66 mmol
PPh2, 1 g) and [Rh(COD)Cl]2 (0.165 mmol, 0.0808 g) were stir-
red under argon for 2 h in dry toluene (20 mL). The mixture
was filtered through a medium pore frit under argon flow
and washed with toluene (2�20 mL). The residual solvent
was removed under vacuum to yield the product. The complex
was stored under argon. Thesematerialswill be designatedRh-
G(x).

Characterization

Nitrogen adsorption experiments were performed at 77 K us-
ing a Coulter Omnisorp 100 gas analyzer. The specific surface
area, SBET, was determined from the linear part of the BETplot
(P/P0¼0.05–0.15). The average pore size (DKJS) for the Davi-
sil-based materials was taken as the maximum of the pore size
distribution as calculated from the adsorption branch using the
KJS (Kruk, Jaroniec, Sayari) method.[21] The pore volume, V
was determined as the volume of liquid nitrogen adsorbed at
a relative pressure of 0.995.

Quantitative elemental analysis of C, H and N was carried
out on a Carlo Erba EA1100 CHNS elemental analyzer. The
rhodium and phosphorus contents of the dendrimer species
were determinedbyGalbraithLaboratories,Knoxville, TN, us-
ing inductively coupled plasma (ICP MS) atomic emission
spectrometry.

13C and 31PCP/MAS solid-stateNMR spectrawere obtained
on a Bruker ASX-200 instrument operating at 50.32 and

Scheme 2. Preparation of Davisil-supported dendrimers.

Scheme 3. The Rh-G(2) catalyst.
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80.99 MHz, respectively with a spinning rate of 5.0–6.0 kHz
and a contact time of 2 ms. [MePþPh3]Br� was used as internal
standard. 29Si CP/MAS solid-state NMR spectra were also re-
corded on the same instrument operating at 39.75 MHz with
a spinning rate of 5.0–6.0 kHz with a contact time of 2 ms.

Fourier transform infrared spectra were obtained using a
Shimadzu FTIR-8400s spectrometer equipped with a Specac
SilverGate (ZnSe crystal) single reflection attenuated total re-
flectance (ATR) system. Spectrawere recorded from600 cm�1

to 4000 cm�1 using a resolution of 4 cm�1 and 150 scans. Ther-
mogravimetric analysis (TGA) experiments were carried out
on a TA Instruments Q500 instrument under air flow
(100 mL min�1) at a uniform heating rate of 20 8C min�1

from 25 8C to 1000 8C. Approximately 10–20 mg of sample
were used for each experiment.

Hydroformylation of 1-Octene (Scheme 4)

To a 300-mL stainless steel, stirred-tank Parr reactor equipped
with a pressure transducer and temperature control were add-
ed 50 mg of rhodium-containing catalyst (8.3 mmol Rh), cyclo-
hexane (90 mL), 1-octene (0.1 mol, 11.2 g) and m-xylene
(11.2 g) as the internal standard. The reactor was sealed and
flushed 3 times with carbon monoxide and then pressurized
to 500 psi with carbon monoxide. The reactor was then further
pressurized to 1000 psi with hydrogen to give a 1 :1 ratio of CO/
H2 with a total pressure of 1000 psi. The reactor was stirred at
600 rpm at 70 8C. Samples were routinely withdrawn and ana-
lyzed by means of GC and NMR.
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