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A water-soluble polyphosphorhydrazone Janus
dendrimer built by “click” chemistry as support
for Ru-complexes in catalysis¥
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The field of supported catalysis has experienced increased attention with respect to the development of
novel architectures for immobilizing catalytic species, aiming to maintain or enhance their activity while
facilitating the easy recovery and reuse of the active moiety. Dendrimers have been identified as promising
candidates capable of imparting such properties to catalysts through selective functionalization. The
present study details the synthesis of two polyphosphorhydrazone (PPH) dendrons, each incorporating
azide or acetylene groups at the core for subsequent coupling through “click” triazole chemistry.
Employing this methodology, a novel PPH Janus dendrimer was successfully synthesized, featuring ten
polyethylene glycol (PEG) chains on one side of the structure and ten Ru(p-cymene) derivatives on the
other. This design was intended to confer dual properties, influencing solubility modulation, and allowing
the presence of active catalytic moieties. The synthesized dendrimer underwent testing in the isomeriza-
tion of allyl alcohols in organic solvents and biphasic solvent mixtures. The results demonstrated a positive
dendritic effect compared with model monometallic and bimetallic species, providing a proof-of-
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Introduction

Dendrimers are highly branched, monodisperse macro-
molecules with a uniform structure, often taking on a spheri-
cal shape.! These molecules are created through a precise syn-
thetic process that allows for control over their size, shape,
and molecular characteristics,” a capability that enables the
production of well-structured polymers with diverse appli-
cations in various fields, including sensors,>* biology,>®
biomedicine,"” materials science,®® and catalysis."*™"*> Among
these applications, catalysis emerges as a particularly interest-
ing domain, as these macromolecules can serve as efficient
catalyst supports.'*™"” Anchoring a catalyst onto dendrimers
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concept for the first PPH Janus dendrimer with tested applications in catalysis.

offers several advantages, such as easy catalyst recovery, re-
cycling, and reuse.'®'® This could provide benefits like
enhanced catalyst activity, ease of handling and recovery
through simple procedures, and the ability to reduce metal
contamination in final products. Moreover, dendrimers offer a
unique opportunity to combine the advantages of both homo-
geneous and heterogeneous catalysis while maintaining
precise and monodispersed structures."’

Due to the inherent uniformity of dendritic structures, den-
drimer functionalization has traditionally been limited to one
specific area, leading to the development of dendritic struc-
tures constrained to a single type of surface functional group.
To address this limitation, various methodologies have
emerged to expand dendrimer functionalization possibilities.
The most common approaches involve attaching two types of
functional groups to the surface of dendrimers, either in a sto-
chastic or precise manner,"®! or the development of new
methodologies for dendrimer synthesis. In this context, Janus
dendrimers emerge as a promising alternative. Janus dendri-
mers, named after the Roman God Janus symbolizing doors
and transitions, are asymmetric, homogeneous dendritic struc-
tures synthesized by combining dendrons (dendrimer wedges)
linked to a central core.”*>* Since they were first described by
Fréchet in 1991, numerous structures have been reported,
utilizing various types of dendrimer families and reactions to

This journal is © The Royal Society of Chemistry 2024
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couple dendrons, with applications in fields as catalysis, drug
delivery, nanoparticles, or imaging to cite few examples.***®
Among various dendrimer families, polyphosphorhydrazone
(PPH) dendrimers stand out due to their highly versatile func-
tional groups, ease of surface modification, and convenience
of characterization through *'P{"H} NMR.”” Nonetheless, in
contrast to other dendrimer families such as PBzE**?® or
PAMAM,*® PPH Janus dendrimers have not been extensively
studied, and the work on asymmetric PPH structures has been
restricted mostly to AB; dendrons (dendritic structures formed
from cyclotriphosphazene as core, were one P-Cl bond is
reacted distinctively to the other five) and their
applicability.*>*! In this context, reported examples of PPH
Janus dendrimers have primarily focused on core coupling
reactions of two dendrons through vinyl/amine reactions®>—*
or the use of Staudinger coupling reactions.*>*® Although
alternative procedures to synthesize Janus PPH dendrimers
have been reported (isolated instances involve coupling
through core desulfurization®” or the formation of hydrazone
and amide core linkers®®), the field remains relatively unex-
plored, and the applicability of such systems has mostly been
related to materials science and biology,***° and only showing
potential applicability in catalysis.

Nonetheless, a range of examples have been reported in the
literature describing dendrimer-supported ruthenium cata-
lysts, such as the ones reported by Cesari and co-workers*'
incorporating ruthenium (0) complexes in poly(propylenei-
mine) dendrimers, and Rodriguez and co-workers** in carbosi-
lane dendrimers for transfer hydrogenation catalysis; the
development of immobilized magnetic PAMAM dendrimers
decorated with Ru(u) catalysts for the formation of 1,2,3-tri-
azoles by Wang and co-workers,"* or the isomerization of allyl
alcohols with PPH dendrimers by Caminade and co-workers,**
among other examples.*>™°

Therefore, having the previous approaches in mind, as well
as the established potential of dendrimers in catalysis, with
the aim to overcome the issues arising from dendron coupling,
we targeted to prepare a novel PPH Janus dendrimer system.
Such system incorporates solubility modulation chains on one
side of the structure and Ru-complexes on the other, through a
“click” reaction to couple two dendrons. The testing of the
final Ru@dendrimer was carried out in a model reaction for
the isomerization of allyl alcohols, to provide the first example
of a PPH Janus dendrimer tested in catalysis.

R
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Results and discussion

Despite the progress made in the development of these Janus
systems, ample scope remains for synthesizing such architec-
tures using novel approaches. Integration of “click” triazole
chemistry holds tremendous potential as it could enable the
generation of complex dendritic structures using straight-
forward methodologies. In this context, our research has
focused on the synthesis of PPH Janus dendrimers by coupling
of ABs-type dendrons decorated with azide or acetylene moi-
eties (with similar traits as recently reported by Alami and co-
workers®'), aiming the formation of a structure coupling a
water-soluble modulation PEG-chain on the azide dendron,
and an acetylene dendron bearing functional groups to allow
the grafting of catalytic moieties.

The synthesis of PPH dendrons was accomplished by
asymmetrically substituting the hexafunctionalized dendri-
mer core N;P;Clg (1) by means of incorporating substituents
based on 4-hydroxybenzaldehyde for the growing to higher
generations and including a sixth functionality to incorpor-
ate either an azide (2) or acetylene (3) group, to yield the
corresponding dendrons with such functionalities at the
level of the core which would permit to test the coupling
strategy through click chemistry, to afford bifunctional Janus
dendrimers. Phenol derivatives 2 and 3 were synthesized
according to previously reported methodologies®*™>* (see
ESI} for experimental details) and characterized by NMR
spectroscopy. Of note, the characterization of the 2 also
relied on IR spectroscopy, as azide-containing compounds
typically exhibit a distinctive sharp N=N=N stretching band
at ca. 2100 cm™" (2090 cm ™" for compound 2).

The synthesis of dendrons was started following the
approach depicted in Scheme 1. For instance, azide derivative
2 was reacted in defect (0.5 equiv.) with N3P;Cls under basic
Cs,CO; conditions by dropwise addition at 0 °C, followed by
stirring at room temperature for 12 hours. This reaction was
designed to maximize the formation of the mono-substituted
product 4 while minimizing undesired poly-substitution at the
core. The progress of the reaction was closely monitored using
3'p{"H} NMR spectroscopy, which stands as the most versatile
analytical tool for the characterization of PPH dendrimers.?”
*'p{'H} NMR spectra exhibited the emergence of characteristic
signals indicative of a monosubstituted N;P;Cls core by means
of the formation of a doublet at 22.4 ppm and a triplet at

s
HO 6 (5.5 equiv.)

Cs,CO;3 (13.8 equiv.)
THF, RT, 12 h

Dronrsfo )7

5

R=-CH,CH,N;  7-[G,7 (69%)
R = -OCH,C=CH, 8-[G,] (78%)

Scheme 1 Synthesis of mono-substituted N3PsClg cores incorporating azide (4) and acetylene (5) derivatives, and the corresponding Go' dendrons

7 and 8.
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12.3 ppm. Similarly, the synthesis of the mono-substituted
acetylene core 9 was accomplished with slight modification of
the previous procedure,® following previously reported meth-
odologies. Confirmation of the desired compound was
achieved through *'P{"H} NMR spectroscopy.

ABs-type Go' dendrons were prepared by employing typical
reaction conditions for the synthesis of PPH dendrimers and
dendrons®® by completing the substitution of compounds 4
and 5 with an excess of 4-hydroxybenzaldehyde under basic
conditions. Subsequent filtration of the salts and purification
by column chromatography afforded the desired G,' dendrons
in moderate yields (Scheme 1). Verification of the desired pro-
ducts was carried out through *'P{'"H} NMR spectroscopy,
revealing the formation of a singlet at 7.4 ppm for the azide
derivative 7-[G,'] and the emergence of a multiplet
(8.7-6.9 ppm) for the acetylene counterpart 8-[Gy].>" The final
steps in dendron synthesis were dedicated to the growing of
the azide dendron to the first-generation, and the subsequent
modification of its surface by incorporating PEG chains to
enhance the solubility in water. Firstly, the aldehyde-termi-
nated dendron 7{G,’] was grown to the first-generation 10-
[G1]. Particularly, 7-{G,] was reacted with an excess of
N-methyldichlorothiophosphorhydrazide 9°° (5.5 equiv.) at
0 °C in a THF/CHCI; solvent mixture, in the presence of anhy-
drous Na,SO, to absorb the water generated during the alde-
hyde/amine condensation reaction (Scheme 2a). The progress
of the obtention of 10{G,] was closely monitored using *'P
{'"H} NMR spectroscopy, by the appearance of a new set of
signals at 62 ppm, consistent with the formation of terminal
-P(S)Cl, groups. Additionally, '"H NMR revealed the dis-
appearance of aldehyde signals from the 7-[Gy'] precursor and
the emergence of imine signals in the aromatic region. Of
note, ABs-type dendrons such as 10-[G,] have a primary dis-
tinction in *'P{"H} NMR when compared to classical PPH den-
drimers of the same generation, due to the structural asymme-
try of the dendron structures. Notably, while standard first-
generation PPH dendrimers would exhibit a singlet at
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62.4 ppm for the terminal P(S)Cl, moieties, 10-[G,] showed the
presence of two overlapping singlets in a 3:2 intensity ratio,
due to the asymmetry induced in the structure.

At this stage, the focus shifted towards developing a
dendron that could induce solubility in water, by the introduc-
tion of PEG chains. To achieve this objective, the synthesis of
the modified phenol 11 was undertaken for the later surface
modification of 10{G;]. PEG-modified phenol 11 was syn-
thesized in two steps from hydroquinone and 2-(2-(2-methox-
yethoxy)ethoxy)ethan-1-ol (17) as previously reported® (see ESIT
for details) and later tested for the incorporation onto the
dendron structure (Scheme 2b). Of interest, phenol 11 (in
slight excess) was dissolved in THF and stirred at 0 °C in pres-
ence of Cs,CO; for 2 h prior to the addition of 10-[G,]. The pro-
gress of the reaction was monitored using *'P{"H} NMR spec-
troscopy. Notably, the substitution reactions of the P-Cl
surface bonds with P-OR (where R = 11) induced a downfield
shift in the NMR signal from 61.4 to 64.7 ppm. Although the
typical reaction of dendrimers to obtain substituted -P(S)
(OAr), groups results in an upfield shift in the surface phos-
phorus to 60-62 ppm, Caminade’s group has previously
reported the formation of similar compounds displaying the
same *'P{'H} NMR pattern.® The desired substituted 12-[G,]-
PEG was obtained in a 66% yield after 22 h of reaction, by pre-
cipitation from n-pentane and washing with n-pentane/DCM.

Upon synthesis of the desired dendrons, the preparation of
a hybrid 13-[G¢'][G,]-PEG Janus dendrimer (Scheme 3) was per-
formed by reacting the PEG-modified azide dendron 12-{G,]-
PEG and the acetylene dendron 8{G,'] in stoichiometric
amounts by the formation of a 1,2,3-triazole through a copper-
catalyzed azide-alkyne cycloaddition at 45 °C in presence of
N,N-diisopropylethylamine (DIPEA) and Cul as catalyst. The
progress of the reaction was monitored primarily using NMR
and IR spectroscopy. Specifically, "H NMR was analyzed to
assess the disappearance of the acetylenic proton signal from
the alkyne dendron 9-[G,'] (formerly a triplet at 2.56 ppm), the
appearance of a singlet at 5.01 ppm from the methylenic

(a) H,N” ‘P:C'
2 1>l
2 /
o 9 (5.5 equiv.) N-N_ ¢
J—QO—[N3P3]<O@—// > — O—[N;P3] O@—/ S'P:CI
g 5 Na,SOy (ann.) : 5
CHCI,/THF
. 0°Cto RT,20 h
71Gy1 10-[G,]
1.0 equiv. 87%
(b)
10-[G,4] (1.0 equiv.) /
Cs,CO; (27.5 equiv. -
0(\/\073 2CO0; ( quiv.) /N N
— O—[N;P31{0 P10 oL,
HO THF, 0 °C to RT, 24 h N3 S A
11 66% 12-[G,]-PEG

11.0 equiv.

Scheme 2 Synthesis of (a) the first-generation azide dendron 10-[G4], and (b) its PEG-surface modified 12-[G,]-PEG dendron.
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Scheme 3 Synthesis of a novel first-generation Ru@PPH Janus dendrimer 17-Ru@I[G;][G1]-PEG from the dendrons 8-[Go'l and 12-[G4]-PEG.
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protons in the alkyne moiety of 13-[G¢'][G1]-PEG (previously
doublet at 4.65 ppm), as well as the emergence of a singlet
from the triazole unit at ca. 8 ppm. Furthermore, the progress
of the reaction was conveniently monitored through IR spec-
troscopy, specifically by tracking the disappearance of the
N=N=N stretching band at 2090 cm ' from the azide
dendron 12-[G,]-PEG. The novel hybrid dendrimer was
obtained in moderate yields after 30 h of reaction. The final
stage in the synthesis of the desired first-generation Janus den-
drimer involved extending the aldehyde functionalities of 13-
[Go'l[G1]-PEG to the full first generation 14-G,][G,]-PEG
(Scheme 3). It entailed the reaction of 13-[Go'[[G4]' PEG with
N-methyldichlorothiophosphorhydrazide 9 in the presence of
anhydrous Na,SO,, as previously described for the growing of
dendrons.>® The synthesis of 14-[G,][G;]-PEG was confirmed
once more by *'P{'"H} NMR by the emergence of a new set of
signals corresponding to the terminal -P(S)Cl, group, mani-
festing as two singlets at 62.5 ppm and 62.7 ppm.

Building upon the previous approach, our next objective
was to develop a novel catalytic system through the immobiliz-
ation of metal pre-catalysts on the surface of 14{G,][G,]-PEG
Janus dendrimer. Specifically, we aimed to immobilize [Ru(p-
cymene)Cl,], complexes on the dendrimer surface, based on
the wide availability of such compound. The synthesis of the
Ru@Janus dendrimer system commenced with the preparation
of a phosphine ligand (4-(diphenylphosphoryl)phenol 15),
which would be introduced onto the dendrimer structure
before complexation of the pre-catalyst. This compound was
chosen due to the presence of both a phenol group -which
serves as a grafting point for the reaction with 14-[G,][G4]-
PEG- and the phosphine itself, which would be used for the
complexation of the ruthenium catalyst. The desired phenol
phosphine 15 was synthesized in three steps from 4-bromo-
phenol:®” first, 4-bromophenol was derivatized to introduce
a silyl protecting group by reaction with TBDMSCI; later,
the conversion into phosphine by a two-step lithiation and
phosphination with chlorodiphenyl phosphine; and lastly,
the phenolic OH group was regenerated by deprotection with
tetrabutylammonium fluoride (TBAF) to reach the desired 15
in 84% yield over three steps (see ESIf for experimental
details).

After synthesis of 15, the next step involved introducing it
to the first-generation Janus dendrimer 14-[G,][G,]-PEG
(Scheme 3). To prepare the desired phosphine-terminated den-
drimer, standard reaction conditions for the introduction of
phenol derivatives to -P(S)Cl,-terminated dendrimers were
employed. Specifically, the Janus dendrimer was dissolved in
THF, and phosphine 15 was added under basic Cs,CO; con-
ditions, with anhydrous Na,SO, also present in the reaction
mixture. The progress of the reaction was monitored using *'P
{"H} NMR. In the crude mixture, the appearance of two sing-
lets at 61.0-61.5 ppm was observed, consistent with the substi-
tution of the chlorine atoms from 14-[G;][G,]-PEG by phenoxy
derivatives of 15 to give the corresponding -P(S)(OR), moieties,
which typically appear at ca. 62 ppm. A similar trend con-
firmed the grafting of 4-(diphenylphosphoryl)phenol onto the

9124 | Dalton Trans., 2024, 53, 9120-9129
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dendrimer, as evidenced by a shielding effect on the phos-
phorus atom of 15, shifting from —7.0 ppm to —6.5 ppm. The
desired phosphine-terminated 16-[G,][G;]-PEG was obtained
in a moderate 55% yield after work-up.

Lastly, the desired Ru@dendrimer system was obtained by
anchoring to the phosphine-terminated dendron 16-[G,][G4]-
PEG a commercially available ruthenium complex. To accom-
plish this, [Ru(p-cymene)Cl,], was grafted to the dendrimer
through the complexation ability of the terminal phosphines.
As illustrated in Scheme 3 (bottom), five equivalents of the
ruthenium complex were reacted with one equivalent of den-
drimer 16-[G,][G4]-PEG -bearing ten phosphine groups- in
THF at room temperature, following a similar procedure as
previously reported in the literature.’® The reaction proceeded
smoothly, yielding the expected 17-Ru@[G,][G1]-PEG dendri-
mer as an orange solid in good yield, which was easily purified
by precipitation and further washings. The newly formed
Ru@dendrimer species was fully characterized, with special
mention to the *'"P{'"H} NMR, revealing a significant deshield-
ing effect of the terminal phosphine upon complexation, shift-
ing from —6.6 ppm to 24.0 ppm, and the formation of a
doublet with a coupling constant of “Jp g, 37.2 Hz.
Furthermore, inductively coupled plasma (ICP) analysis was
used for assessing the ruthenium content in the Janus dendri-
mer. The analysis demonstrated that the supported 17-Ru@
[G1][G1]-PEG contained a Ru content of 9.1%, aligning with
the calculated theoretical value.

Dendrimers can have various effects when applied in cataly-
sis, including modifications of catalytic activity due to the
high local concentration of catalysts within dendrimers, effects
arising from catalyst anchoring, potential electronic modifi-
cations, and facilitation of catalyst recyclability and reusability
within dendrimeric systems.’>®® To properly assess the per-
formance of the novel immobilized ruthenium complex 17-
Ru@[G4][G,1]-PEG, it was essential to synthesize analogous
ruthenium complexes for comparison purposes. Firstly, we
synthesized a monometallic ruthenium complex (20), which
involved a two-step process starting from 4-bromoanisole 18
(Scheme 4a). In the initial step, we synthesized 4-(diphenyl-
phosphoryl)anisole 19 through lithiation and phosphination
of 18, resulting in a white solid with an 80% yield.*'
Subsequently, in the second step, we carried out the reaction
with [Ru(p-cymene)Cl,],, utilizing the coordination ability of
phosphines, ultimately yielding the desired complex 20 in
excellent yield as an orange powder. The novel ruthenium
complex was fully characterized to confirm the formation of
the desired structure.

Simultaneously, we planned the synthesis of a bimetallic
species 23 (Scheme 4b), with chemical similarities to the
Ru@dendrimer 17. In the first step, we derivatized the model
dendrimer 21—synthesized using previously reported method-
ologies from benzaldehyde and N-methyldichlorothiophos
phorhydrazide 9—with a slight excess of 4-(diphenylpho-
sphoryl)phenol 15 under basic Cs,CO; conditions at room
temperature. This reaction resulted in the substitution of the
P-CI bonds in 21 with the phenol phosphine, leading to the

This journal is © The Royal Society of Chemistry 2024
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1. n-BulLi (1.3 equiv.)
Br  —78°C, THF,1h
~o
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2. CIPPh, (1.0 equiv.)
~78°CtoRT,15h
o
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18 80%
1.2 equiv.
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(0.5 equiv.)
- J
Pl
THF, RT, 1h
IOL
~o
93% 20

\N'N‘P'Cl 15 (2.1 equiv.) \N’N‘P’O \N N‘p’o
~ _— & =
g 4"Cl - Cs,C0; (5.3 equiv.) g 40 THF.RT.3h @ B0
THF, RT, 20 h \©\F.’hph
PPh, B
21 67% 22 Ll 23

Scheme 4 Synthesis of Ru-complexes 20 and 23, monometallic and bimetallic analogous of the Ru@dendrimer 17, respectively.

formation of the phosphine-modified model dendrimer 22 in
a 67% yield. The progress of the reaction was once more moni-
tored using *'P{'"H} NMR spectroscopy. Specifically, the phos-
phorus atom signal from the starting 21 (6,; = 63.4 ppm)
shifted to 61.5 ppm upon substitution with the phenol phos-
phine 15, confirming the disubstitution pattern. Additionally,
the phosphorus atom signal from 22 also experienced a
change due to the substitution, showing a slight downfield
shift from —7.0 ppm to —6.4 ppm in the final product. The
final step to obtain bimetallic species 23 involved reacting
with [Ru(p-cymene)Cl,],, employing the same reaction con-
ditions previously reported for the synthesis of 20. The desired
bimetallic species 23 was obtained in good yield 3 hours of
reaction, and the product fully characterized to ascertain the
formation of the targeted product.

Catalytic tests for the isomerization of allyl alcohols

Having successfully synthesized a PPH Janus dendrimer
system containing Ru(p-cymene) complexes within its struc-
ture (17), along with analogous monometallic and bimetallic
species (20, 23), the next step was to evaluate the catalytic
activity of the three prepared complexes. Ru(p-cymene)-type
complexes have been well-documented in the literature for
their applications as catalysts in various processes, including
the isomerization of allyl alcohols and the hydration of acety-
lenes, among others.**®> For our evaluation, we selected the
isomerization of allyl alcohols as the target reaction to assess
the performance of the prepared complexes. This reaction typi-
cally involves the conversion of allyl alcohols into ketones or
aldehydes through a two-step process that combines oxidation
and reduction, but that is carried out in a one-pot manner
using organometallic complexes. The initial catalytic tests for
the novel Ru-complexes were conducted to evaluate their per-
formance for the isomerization of 1-octen-3-ol to 3-octanone,
firstly in conventional organic solvent conditions. In these
experiments, a THF solution containing the substrate 24 (1.0

This journal is © The Royal Society of Chemistry 2024

equiv.), 1,3,5-trimethoxybenzene (used as an internal stan-
dard), and Cs,CO; (2 mol%) was prepared (Table 1). The reac-
tion mixture was then heated to 75 °C, and 1 mol% of the
ruthenium catalyst was added. It is worth noting that the same
reaction conditions were applied for all three Ru-catalysts, and
the conversion was assessed by gas chromatography (GC) com-
paring the crude mixtures with the original samples of sub-
strates and products.

As anticipated, all three Ru-complexes achieved full conver-
sion within the reported time frames in the literature (Table 1,
entries 1-3).*»°> Monometallic complex 20 achieved complete
conversion after 3 hours of reaction. Remarkably, both the bi-
metallic complex 23 and the dendrimeric structure 17-Ru@
[G1][G1]-PEG yielded 3-octanone in short reaction times
(1.5 h). Moreover, the desired ketone derivative was isolated
after precipitation of the dendrimeric catalyst from n-pentane,

Table 1 Isomerization of 1-octen-3-ol to 3-octanone at 75 °C cata-
lyzed by complexes 17, 20 and 23 (1 mol% loading) with Cs,COs3
(2 mol%) as co-catalyst, under given solvent conditions

[Ru] 1 mol% o

/\/\)J\/

OH

—_—
& Cs,C0s (2 Mol%)
solvent, 75 °C, t

24 25
Time to full Yield®
Entry Catalyst Solvent conversion” [h] [%]
1 20 - monometallic =~ THF 3 89
2 23 - bimetallic 1.5 84
3 17-Ru@[G4][G]}PEG 1.5 91
4 20 - monometallic ~ H,O/n-heptane n.a.” —
5 23 - bimetallic (1:1) n.a.? —
6 17-Ru@[G4][G,]- 24 98
PEG

% Conversion was determined through GC using 1,3,5-trimetoxyben-
zene as internal standard. ? Only traces were detected by GC. “Isolated
yield after post-reaction treatment.
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centrifugation, and flash column chromatography affording
3-octanone in yields ranging from 84-91%. These results were
highly encouraging, as they indicated that the proximity of
ruthenium centers could potentially lead to a cooperative
effect, enhancing the efficiency of the reaction.

Following the promising results obtained in organic solvent
conditions, our focus shifted to utilizing water as the solvent
for the catalytic process. Specifically, we chose an n-heptane/
water mixture (1:1) as the solvent system, considering it a
valuable approach to reduce the usage of organic solvents by
incorporation of a sustainable solvent such as water, and bene-
fiting from the possibility of an easier recovery of the catalyst
in biphasic media. Importantly, the presence of an n-heptane/
water mixture resulted in the formation of a biphasic system
where: (i) the substrate, product, and the internal standard
resided in the organic n-heptane phase; and (ii) cesium car-
bonate and the Ru@dendrimer 17 remained in the water
phase making easier its recovering and recycling. Catalytic
tests were conducted following the previously established reac-
tion conditions incorporating the use of a biphasic solvent
system. Aliquots were sampled at specific intervals, and con-
version was determined by GC (Table 1, entries 4-6). The cata-
lytic results revealed that both the monometallic and bi-
metallic systems yielded no isomerization product after
24 hours of reaction. Intriguingly, when the 17-Ru@[G4][G1]-
PEG catalyst was employed, full conversion was achieved after
24 hours of reaction, with an isolated yield of the 98%.

The obtained results were highly positive in terms of the
activity of the Ru@dendrimer system. Notably, a positive den-
dritic effect was observed for the isomerization of 3-octen-1-ol
in both organic solvent and biphasic mixtures. Particularly
interesting was the use of the biphasic system, where only 17-
Ru@[G,][G1]-PEG exhibited catalytic activity for the desired

Table 2
given solvent conditions
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reaction, although activity was reduced, and long reaction
times were required.

Next, we decided to test the new Ru@dendrimer catalyst 17
on a set of substrates containing different functionalities
(26-29) with the standard tested loading of catalyst (1 mol% of
“Ru”) and 2 mol% of Cs,CO; in both solvent conditions
(Table 2). Following the same trend as for substrate 24, reac-
tions performed in THF displayed a faster conversion rate,
achieving full conversion for all the substrates in times
ranging from 0.5-22 hours, showing similar results as reported
in the literature.®® In addition to that, the tests in H,O/
n-heptane showed also full conversion for almost all the sub-
strates in times ranging from 7 to 24 hours, with the exception
of substrate 29 (Table 2, entry 8) which lead to an 86% conver-
sion after one day of reaction, also displaying comparable
results to those in the literature.®*%°

The isolation of the isomerization products was achieved
for almost all the products with good yields ranging from 82 to
98%, except for butyraldehyde (Table 2, entries 5 and 6) which
was not obtained due to the low boiling point of the product
and the limited working quantities.

Lastly, we decided to investigate the recyclability of the den-
drimeric system, to provide a greener approach to the use of
the Ru@dendrimer catalyst. In this context, a catalytic test was
conducted in the biphasic solvent conditions, and the reaction
was allowed to proceed for 24 hours. After reaction time, the
organic phase was separated from the aqueous phase and GC
analyses confirmed the full conversion of 24 to 3-octanone in
the recovered phase. Subsequently, a mixture of 24 and 1,3,5-
trimethoxybenzene in fresh n-heptane was added to the water
phase containing the Ru@dendrimer catalyst 17. Repetition of
this procedure seven times resulted in the attainment of full
conversion to 3-octanone for up to six consecutive runs

Isomerization of allyl alcohols 26—-29 at 75 °C catalyzed by Ru@dendrimer 17 (1 mol% loading) with Cs,COs3 (2 mol%) as co-catalyst, under

OH [Ru] (1 mol%) o

R! 7

R? Cs,CO03 (2 mol%)

R1JJ\/\R2

solvent, 75 °C, t

Entry Substrate Solvent Conversion” [%] Time [h] Yield® [%]

1 OH R' = Et THF >99 0.5 96

2 \/K/ R2=H H,0/n-heptane >99 7 97

26
3 R'=H THF >99 3 98
e Y
4 Ph OH R2-pp H,O/n-heptane >99 22 98
27
5 R'=H THF >99 5 n.a.‘
N"on 2. : .

6 R?=Me H,O0/n-heptane >99 24 n.a.
28

7 OH R'=H THF >99 22 95

8 Ph" " Ph R2 = Me H,O/n-heptane 86 24 82
29

“ Conversion was determined through GC using 1,3,5-trimetoxybenzene as internal standard. ” Isolated yield after post-reaction treatment. ° Not

isolated product.
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Fig. 1 Recyclability experiments for the isomerization of 1-octen-3-ol
to 3-octanone catalyzed by Ru@dendrimer 17 for seven consecutive
runs.

(Fig. 1), until the drop of the conversion to the 76% in the
seventh run. The desired product was isolated after selected
cycles affording yields between 94-98%. Moreover, the possi-
bility of metal leaching was also investigated. Analysis of Ru
content in the organic phase by ICP revealed no significant
leaching, even after full conversion to 3-octenone. ICP results
indicated the presence of less than 0.05% Ru contamination
in the sample, confirming the excellent stability of the catalyst.

Conclusions

In summary, we have successfully synthesized a first-first gene-
ration PPH Janus dendrimer by connecting two dendrons
through the formation of a 1,2,3-triazole linkage, which is a
novel approach for phosphorus dendrimers. The Janus dendri-
mer has been designed to include PEG chains to ensure solu-
bility in water and functional P(S)Cl, groups. We then tested
the dendrimer ability to immobilize ruthenium complexes by
incorporating a terminal phosphine on the Janus dendrimer
and by reacting it with a commercially available [Ru(p-cymene)
Cl], dimer. This resulted in 17-Ru@|G,][G4]-PEG, featuring
ten PEG chains on one side and ten Ru-complexes on the
other. We then evaluated the catalytic performance of this
innovative immobilized Ru-system in the isomerization of
1-octen-3-ol to 3-octanone, assessing its effectiveness com-
pared to two small analogue complexes (20 and 23), designed
to mimic the active catalytic moiety found in the dendrimer.
Catalytic tests conducted in THF as the solvent produced excel-
lent results for all three Ru systems, particularly for the bi-
metallic 23 and the dendrimer 17, reaching full substrate con-
version in half the time compared to the monometallic ana-
logue 20. Catalysis in biphasic water/n-heptane systems was
also explored, where a significant positive dendritic effect was
observed. Specifically, only 17-Ru@[G;][G;]-PEG achieved full
conversion in the biphasic conditions after 24 hours of reac-
tion, while 20 and 23 did not produce the isomerization
product. Furthermore, a range of allyl alcohols was tested

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

employing 17-Ru@[G,][G:]-PEG, showing great results in all
the tested cases. Lastly, we tested the recyclability of 17-Ru@
[G1][G41]-PEG and found that it could be recycled and reused
for up to six consecutive runs without loss of conversion, with
ruthenium contamination in the final product amounting to
less than 0.05%. Despite the use of a more sustainable solvent
system evolved to a reduction of the dendrimeric catalyst
activity, the performance of the dendrimer allowed the recycl-
ability of the catalyst without a variation in the activity upon
six consecutive runs, being easier its recovering and recycling
in the water phase.

Through this approach, we have developed an innovative
methodology for creating PPH Janus dendrimers by linking
azide and acetylene dendrons through click chemistry and
reported the first example of PPH Janus dendrimers with
applications in catalysis.
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