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Supramolecular bulky phosphines comprising 1,3,5-
triaza-7-phosphaadamantane and Zn(salphen)s:
structural features and application in hydrosilylation
catalysis†

Daniele Anselmo,a Rafael Gramage-Doria,b Tatiana Besset,b

Martha V. Escárcega-Bobadilla,a Giovanni Salassa,a Eduardo C. Escudero-Adán,a

Marta Martínez Belmonte,a Eddy Martin,a Joost N. H. Reek*b and Arjan W. Kleij*a,c

The use of the commercially available, bifunctional phosphine 1,3,5-triaza-7-phosphaadamantane

(abbreviated as PN3) in conjunction with a series of Zn(salphen) complexes leads to sterically encumbered

phosphine ligands as a result of (reversible) coordinative Zn–N interactions. The solid state and solution

phase behaviour of these supramolecular ligand systems have been investigated in detail and revealed

their stoichiometries in the solid state observed by X-ray crystallography, and those determined in solu-

tion by NMR and UV-Vis spectroscopy. Also, upon application of these supramolecular bulky phosphines

in hydrosilylation catalysis employing 1-hexene as a substrate, the catalysis data infer the presence of an

active Rh species with two coordinated, bulky PN3/Zn(salphen) assembly units having a maximum of

three Zn(salphen)s associated per PN3 scaffold, with an excess of bulky phosphines hardly affecting the

overall activity.

Introduction

Supramolecular catalysis has witnessed the development of a
wide variety of catalyst structures showing unprecedented
activity, selectivity and/or stability behaviour.1 The common
feature in all these catalysts is that the individual components
self-assemble into the desired structures with high efficiency
and little synthetic effort, which is highly attractive in cases
where modular changes are (or tend) to be rapidly evaluated
through the use of large libraries of ligands.2 Structural diver-
sity and accessibility are important parameters for the indivi-
dual building blocks of a supramolecular catalyst. In this
respect, we and others have reported on the use of various
supramolecular strategies that involve Schiff base derived
chiral diols,3 phosphine-based pyridones,4 porphyrin,5 salen6

and other types of modular synthons7 useful for catalyst
optimization.

Previously, we reported on the use of bis- and tris-(pyridyl)-
phosphines and their coordination chemistry towards various
Lewis acidic Zn-based building blocks providing partially encap-
sulated supramolecular phosphines that show unusual reactivity
and/or selectivity behaviour in hydroformylation catalysis.5,6,8

The key factor adding to the success of this coordination chem-
istry driven strategy is the selective nature of formation of the
Zn–N motifs, thereby leaving the phosphine donor available for
coordination to transition metal ions and subsequent catalytic
applications. Thus, these pyridylphosphines may be regarded as
bifunctional ligands able to coordinate to a combination of
(both) main group and transition metal ions. A minor drawback
of the pyridylphosphine scaffold is that variations of the ligand
backbone are limited. In order to be able to further increase the
potential of the encapsulation strategy, other bifunctional
P,N-derived scaffolds would be interesting to be considered.

Despite the fact that 1,3,5-triaza-7-phosphaadamantane is a
commercially available compound and its use as a phosphine
ligand in homogeneous catalysis is well-documented
(Scheme 1),9 no prior use of this “PN3” ligand scaffold has been
reported to date in the context of supramolecular catalysis. In
view of the closer mutual distance between the P- and N-donor
atoms of this system and the objective to access an encapsulated
phosphine ligand that can potentially show markedly different
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catalytic behaviour compared with the non-encapsulated ligand,
we envisioned that combination with Zn(salphen) complexes
(salphen = N,N′-bis(salicylidene)imine-1,2-phenylenediamine]
would give high probability in this perspective. These Zn-
(salphen) complexes are readily available, modular building
blocks10 that allow for easy fine-tuning of the supramolecular
assemblies, and thus their catalytic performance.6

Herein we report a detailed study on the assembly for-
mation of the PN3 ligand scaffold (Scheme 1) and a series of
Zn(salphen)s with different substitution patterns, both in solu-
tion phase as well as in the solid state. The results from
various Job plot analyses, UV–Vis titrations and application of
these supramolecular PN3 assemblies in hydrosilylation cataly-
sis show that the steric properties of these encumbered
ligands can be used for catalyst reactivity control.

Results and discussion
Synthesis

Whereas 4 (yield: 68%) was prepared using 4-tert-butyl-1,2-phe-
nylenediamine, 3-tert-butylsalicylaldehyde and Zn(OAc)2·2H2O
in a one-pot approach, non-symmetrically substituted com-
plexes 7 (yield: 89%) and 8 (yield: 70%) were derived from the
reaction of mono-imine A (Scheme 2)11 and 3,5-di-fluorosalicyl-
aldehyde and 3-nitro-salicylaldehyde, respectively, in the pres-
ence of Zn(OAc)2·2H2O. All other Zn(salphen) complexes (2, 3,
5 and 6) have been reported previously (see the Experimental
section).12,13

NMR studies

First, a series of various Zn(salphen)s (Scheme 1) were com-
bined in solution ([d6]acetone) with the PN3 ligand to investi-
gate the binding properties. As a representative case,
increasing amounts of complex 2 were added to the PN3 ligand
1 with stoichiometries ranging from 1 : 1 to 3 : 1, and their 1H
and 31P{1H} NMR spectra were recorded. The results were com-
pared with the individual components (i.e., “free” PN3 1 and 2)
and clearly showed features of a binding event (ESI†). For
instance, while the free phosphine PN3 1 shows a resonance at
−99.0 ppm, the 1 : 1 (δ = −95.3 ppm), 2 : 1 (δ = −92.8 ppm) and
3 : 1 (δ = −92.5 ppm) combinations of 2 and PN3 1 show dis-
tinct values. It is important to notice that the addition of a
third equivalent of 2 does not significantly change the 31P
chemical shift observed with a 2 : 1 ratio, which clearly
suggests the weak influence of a possible third Zn(salphen)
binding on the phosphorus nuclei. Similar features were noted
in the 1H NMR spectra recorded for these combinations, and a
typical upfield shift was observed for the imine-H of 2 (Δδ =
−0.38) for the 2 : 1 stoichiometry. Interestingly, further
addition of 2 to 1 (i.e., having a 3 : 1 ratio) led the imine-H to a
downfield shifted value from 8.73 to 8.82 ppm, suggesting the
presence of free, unbound 2 and observation of an average
value for the imine-H resonances of the 2 : 1 assembly and free
2. To gain more insight into the molecular structures, a series
of crystallographic analyses were performed for assemblies
based on 1 and various Zn(salphen)s (vide infra).

X-ray diffraction studies

Suitable crystals were obtained from either hot solutions in
CH3CN, from CH3CN/DCM or from acetone (see the Exper-
imental section). The molecular structures for the assemblies
based on 1 and complexes 2 and 7 are presented in Fig. 1 and
2. The structures for 1·(3)3, 1·(4)2, 1·(5)2, 1·(6)2 and 1·(8)2 were
also determined and these are provided in the ESI† as they are

Scheme 1 Structure of the “PN3” ligand scaffold 1 used in this work. TM
stands for transition metal.

Scheme 2 Line drawings of Zn(salphen) complexes 2–8 and mono-imine A.

Fig. 1 Molecular structure for 1·(2)2 with a partial numbering scheme pro-
vided. H-atoms and co-crystallized solvent molecules are not shown for clarity
reasons. Selected bond lengths (Å) and angles (°) with esd’s in parentheses:
Zn(1B)–O(1B) = 1.976(3), Zn(1B)–O(2B) = 1.967(3), Zn(1B)–N(1B) = 2.091(4),
Zn(1B)–N(2B) = 2.099(4), Zn(1B)–N(5B) = 2.103(6), Zn(2B)–N(6B) = 2.172(7);
O(1B)–Zn(1B)–O(2B) = 102.58(13), N(1B)–Zn(1B)–N(2B) = 77.31(15), O(1B)–
Zn(1B)–N(2B) = 162.78(14), O(2B)–Zn(1B)–N(1B) = 156.30(14).
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rather similar to those reported in Fig. 1 and 2. These struc-
tures confirm the preferred coordination of the N-atoms to the
Zn centres in the Zn(salphen) complexes. In the case of com-
plexes 2, 4, 5 and 6, 2 : 1 coordination complexes were formed
whereas for Zn(salphen)s 3 and 7, 3 : 1 stoichiometries are
present in the solid state. Upon comparing the structures in
Fig. 1 and 2, being representative examples of 2 : 1 and 3 : 1
assemblies, some differences can be noted for the Zn(salphen)
complexes bound to PN3 1. First, the Zn–N(PN3) bond lengths
in the 2 : 1 assembly 1·(2)2 are slightly shorter on average
(2.103(6) and 2.172(7) Å) compared with those observed within
1·(7)3 (2.194(4), 2.201(4) and 2.200(3) Å). Also, a clear difference
for the O–Zn–O angle in the Zn(salphen) units is apparent in
both assemblies: whereas in 1·(2)2 this angle is 102.58(13)°, in
1·(7)3 the value is much smaller (95.68(14)°). Such differences
could be the result of some unfavourable steric impediment
between the salphen units in the latter assembly, leading to a
higher distortion from the standard encountered square pyri-
midal geometry around these Zn(salphen) structures.14

Notably, the Zn(salphen) units in 1·(7)3 are arranged such that
the different substituents (F and tBu groups) of the individual
complexes are pointing towards each other so as to minimize
this steric penalty.

Stoichiometry in solution and titration studies

Next, we examined the stoichiometry of all assemblies in solu-
tion using 1H NMR Job plot analyses and UV-Vis titration data.
The results of these studies have been combined with those
obtained in the solid state, and are listed in Table 1. A rep-
resentative Job plot (for assembly 1·(2)2) is shown in Fig. 3.
For all Zn(salphen)s used we found that the preferred

stoichiometry upon combination with PN3 1 is 2 : 1, which is a
bit unexpected if the 3 : 1 stoichiometries for 1·(3)2 and 1·(7)2
are considered. We therefore investigated the binding of
several of these Zn(salphen) complexes by UV-Vis titrations
carried out in toluene.

First of all, to get insight into the strength of the Zn–N
interaction, we used Zn(salphen) complex 2 and titrated a solu-
tion thereof in toluene with PN3 1 (see also ESI†). The titration
curve at λ = 438 nm and the corresponding data fit using
Specfit/3215 software are presented in Fig. 4. The model used
for data-fitting considers four coloured species namely 2 and
the 1 : 1, 2 : 1 and 3 : 1 assemblies. Specfit/32 was used to simu-
late both the UV-Vis traces for all these species as well as their
concentration profiles (see ESI†). From the data fit the stepwise
constants K1:1, K1:1→2:1, and K2:1→3:1 were calculated as well as
the cooperativity factors. As may be expected both K1:1 (8.45 ×
105 M−1) as well as K1:1→2:1 (8.85 × 105 M−1) are quite similar
with negligible cooperativity (α = 1.05), while the binding of a
third Zn(salphen) complex to PN3 1 (K2:1→3:1 = 7.51 × 103 M−1;
α = 0.05) is shown to be much weaker probably as a result of
steric infringement.

Highly similar titration curves were obtained for assemblies
1·(n)2 (n = 3, 4 or 5) (see ESI†); thus it seems reasonable to
assume that also in these cases the 2 : 1 stoichiometry is pre-
ferred in solution as indicated in Table 1. It also suggests that
the binding of a third Zn(salphen) complex to 1 is compara-
tively weak in solution, whereas in the solid state stabilization
of 3 : 1 stoichiometries (i.e., in the case of 3 and 7) through
intermolecular interactions/packing effects may be important
for the formation of 3 : 1 species.

As a final control experiment, the use of a generally more
strongly binding Ru(CO)(salphen) complex 9 (Fig. 5)14b,16 with
a similar molecular size was probed in the presence of PN3 1
to see whether this would lead to higher stability of a possible
3 : 1 stoichiometry in solution. The combination of three
equivalents of complex 9 with one equivalent of PN3 in [d6]-
acetone solution resulted in a mixture of several compounds
as deduced from the 1H NMR spectrum (see ESI†), and the
31P{1H} NMR showed two signals at δ = −31.1 and −48.9 ppm.

Fig. 2 Molecular structure for 1·(7)3 with a partial numbering scheme pro-
vided. H-atoms and co-crystallized solvent molecules are not shown for clarity
reasons. Selected bond lengths (Å) and angles (°) with esd’s in parentheses:
Zn(1–O(1) = 1.957(3), Zn(1)–O(2) = 1.976(3), Zn(1)–N(1) = 2.107(4), Zn(1)–N(2) =
2.071(4), Zn(1)–N(7) = 2.194(4), Zn(2)–N(8) = 2.201(4), Zn(3)–N(9) = 2.200(3);
O(1)–Zn(1)–O(2) = 95.68(14), N(1)–Zn(1)–N(2) = 78.93(15), O(1)–Zn(1)–N(2) =
159.16(14), O(2)–Zn(1)–N(1) = 157.88(14).

Table 1 Zn(salphen) complexes 2–8 used in this work and the stoichiometries
of the PN3 assemblies. S.S. = solid state stoichiometry, Sol = solution phase stoi-
chiometry. See Scheme 1 for structural details. [Zn] stands for the Zn(salphen)
complex used

[Zn] R1 R2 R3 R4 R5 R6 S.S.a Sol.b

2 tBu tBu tBu tBu H H 2 : 1 2 : 1
3 H tBu tBu H H H 3 : 1 2 : 1c

4 H tBu tBu H tBu H 2 : 1 2 : 1c

5 H tBu tBu H Cl Cl 2 : 1 2 : 1c

6 tBu tBu tBu H H H 2 : 1 2 : 1
7 F F tBu H H H 3 : 1 2 : 1
8 H NO2 tBu H H H 2 : 1 2 : 1

aObtained by X-ray diffraction studies. bObtained via Job plot analyses
using 1H NMR in [d6]acetone at 25 °C. c Extrapolated value from a
UV-Vis titration experiment in pre-dried toluene (see ESI for more
details).
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These results sharply contrast the findings of tris-pyridylphos-
phine binding at Ru(salphen)s, where only one single peak in
the NMR spectrum was observed.14b Detailed inspection of the
NMR spectra revealed that beside the presence of assembled
species also “free” Ru(salphen) 9 was present demonstrating
that exclusive 3 : 1 stoichiometries in solution phase can also
not be obtained using a more strongly binding complex. Fur-
thermore, the 31P{1H} NMR also showed that the binding
process is not selective, as clear indications of Ru–P coordi-
nation were apparent from 31P resonances found in the region
−50 to −30 ppm (ESI†).9 The occurrence of Ru-to-P coordi-
nation can be tentatively explained by the fact that the PN3

ligand 1 is a much more basic phosphine than previously used
tris-pyridylphosphines.17 Addition of 20% v/v of a competing
ligand (i.e., [d5]pyridine) furnished both the 1H and 31P{1H}

traces more easy to interpret, and confirmed the initial and
only partial P-coordination mode of the PN3 ligand 1 (ESI†).

Catalysis studies

In order to evaluate the supramolecular phosphines in cataly-
sis, first hydroformylation reactions were carried out using
styrene, 1-octene and trans-2-octene as substrates as the alde-
hyde product selectivity has shown to be a function of the
steric and electronic properties of the phosphine ligand. The
results gathered in these first studies are reported in Tables
S1–S3 (ESI†). The use of PN3 1 and various Zn(salphen) com-
plexes (2–4) combined with [Rh(acac)(CO)2] (acac = acetyl-
acetonate) to form complexes coordinated by bulky phosphine
ligands that can stir catalyst activity and/or product selectivity
gave poor results and in general with the three substrates
tested only small changes in product selectivity were noted;
only in the case of trans-2-octene some increase in product
selectivity (C3 : C2 aldehyde ratio = 51 : 49) was observed remi-
niscent of previous results reported by part of us using a por-
phyrin-derived supramolecular phosphoroamidite ligand.18

Further to this, preliminary investigations on palladium-based
allylic alkylation (ESI, Table S4†) revealed that the supramole-
cular ligands PN3/Zn(salphen) slightly increased the branched
product formation by about 10% compared to the background
reaction (i.e., the use of PN3 1 only), suggesting some degree of
steric regulation.

Therefore, we decided to apply the supramolecular bulky
phosphines in another reaction, and hydrosilylation
(Scheme 3) was then chosen to evaluate the influence of the
steric bulk of the PN3/Zn(salphen) ligand assemblies given the
precedent provided by the work of Tsuji and coworkers.19 It
should be noted that Tsuji used covalent bulky phosphines,
for which the steric influence was evaluated in terms of
activity, and particularly when using an excess of phosphine
ligand. The more sterically demanding phosphines did not
allow for more than two P-ligands to be simultaneously coordi-
nated to the Rh metal centre and thus catalytic activity was
preserved unlike noted for less bulky phosphines such as
PPh3. This hydrosilylation protocol may serve as a tool to
assess whether the supramolecular phosphines based on PN3

1 and Zn(salphen)s show similar sterically controlled reactivity

Fig. 3 Job plot analysis (1H NMR, [d6]acetone) using PN3 1 and Zn(salphen)
complex 2.

Fig. 4 Titration data (blue squares) at λ = 438 nm for the addition of PN3 1 to
complex 2 in toluene (2 at 5.38 × 10−5 M); in red the corresponding data fit.

Fig. 5 Line drawing of the Ru(salphen) complex 9.

Scheme 3 Hydrosilylation catalysis carried out with the supramolecular bulky
phosphine based on PN3 1 and Zn(salphen) complex 2. [Rh] stands for the
rhodium precursor [Rh-μ-Cl(C2H4)2]2.
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and thus can give synthetically more easily accessible alterna-
tive bulky P-ligands. 1-Hexene and dimethylphenylsilane were
selected as reaction partners and the catalytic reactions were
performed in toluene at room temperature for 1 h (Table 2).
The results were compared to those obtained for a typical
phosphine ligand (PPh3) using various phosphine-to-metal
stoichiometries.

The presence of two equiv. of PPh3 is known to produce an
active catalyst,19 and an excess of PPh3 (entry 2, Table 2) shuts
down catalytic turnover completely. The same trend is noted
for PN3 1 (entries 3 and 4). Then, the influence of an increas-
ing amount of Zn(salphen) 2 (entries 5–7) was evaluated first
using two equiv. of PN3 1 with respect to the Rh precursor. In
the presence of one equiv. (on average) of Zn(salphen) per
phosphine, a much higher conversion level (52%) and yield of
the product was observed (51%) and further addition of two
equiv. of Zn(salphen) 2 caused some decrease in activity,
which we ascribe to a steric effect that results in a less efficient
activation of the silylating agent by the Rh complex. When
3 equiv. of Zn(salphen) per PN3 1 are present (entry 7) the
intermediate may be more prone to phosphine dissociation
giving, on an average, a more active system. Thus, in the pres-
ence of six equiv. of Zn(salphen) complex (entry 7) the PN3

ligands likely become saturated with Zn(salphen)s through
N→Zn coordination but the original activity (entry 1) is nearly
fully recovered (79% conversion; yield 76%) as a result of an
increasing steric impediment posed by the coordinated, bulky
PN3/Zn(salphen) ligand assemblies.

In the work of Tsuji,19 covalent bulky phosphines still pro-
vided high activity catalyst systems even when an excess (4
equiv.) of the phosphine was present. Therefore, we also tested
the activity of the catalyst prepared in situ using 4 equiv. of PN3

1 and 4–12 equiv. of Zn(salphen) 2 (entries 9–11, Table 2). The
highest conversion/yield was again noted when 3 equiv. (on
average) of Zn complex per PN3 ligand 1 were used (entry 11)

and the yield was close to the one reported when only two
equiv. of the supramolecular phosphine were combined with
the Rh precursor. The presence of an excess of Zn(salphen)
(i.e., 4 equiv. per PN3 1) either using a total of two equiv. or
four equiv. of PN3 1 per Rh precursor (entries 8 and 12) did
not lead to higher conversions/yields; in contrast, a much less
efficient system was obtained and the heterogeneous character
(red solid formation) of the reaction mixture in these cases is
likely the principal reason for this observation. Apparently,
upon using an excess of Zn(salphen) 2 (part of) the (pre)cataly-
tic species precipitates.

Following the observations from Tsuji,19 the most likely pre-
cursor catalyst to be formed in the presence of two equiv. of
phosphine is a trans-bis-phosphine Rh complex having an
additional chloride and alkene coordinating. While an
increase in the relative amount of Zn(salphen) versus PN3 1
first leads to a decrease in activity (Table 2, entry 5 → entry 6),
further saturation of the PN3 scaffold with the Zn complex 2
may give rise to a more dynamic inter-conversion between
four- and three-coordinated Rh species thus creating vacant
coordination sites for catalytic turnover and thus higher
activity. The latter situation was also studied by 31P{1H} NMR
(Fig. 6c) and compared with the free PN3/Zn(salphen) assembly
(Fig. 6b, δ = −92.5 ppm) and showed the presence of a single
complex (see the inset of Fig. 6c; δ = −47.2 ppm) with a charac-
teristic 1J(P–Rh) = 131 Hz close to the trans-diphosphine com-
plexes Rh complexes derived from either the bulky P-ligand
communicated by Tsuji (1J(P–Rh) = 130 Hz)19 or PPh3 (1J(P–Rh) =
129 Hz).20

Since the presence of an excess of PN3/Zn(salphen) ligand
assembly (Table 2, entry 11) showed the highest reactivity, also
this case was studied in more detail using 31P{1H} NMR (see

Fig. 6 NMR details of the hydrosilylation pre-catalysts using different amounts
of PN3 1 and/or Zn(salphen) 2. Conditions: [d6]acetone, r.t., stirred for two
hours in those cases where the Rh salt was added. (a) Only PN3 1 present; (b)
mixture of PN3 1 and 3 equiv. of Zn(salphen) 2; (c) mixture of 1 equiv. of
[Rh(μ-Cl)(C2H4)2]2, 2 equiv. of PN3 1 and 6 equiv. of Zn(salphen) 2; (d) mixture of
1 equiv. of [Rh(μ-Cl)(C2H4)2]2, 4 equiv. of PN3 1 and 12 equiv. of Zn(salphen) 2.
The graphical insets show the proposed structures.

Table 2 Hydrosilylation of 1-hexene using dimethylphenylsilane and phos-
phine ligands derived from PN3 1 and Zn(salphen) 2a

Entry [P] Equiv. [P] Equiv.b [Zn] Conv.c (%) Yieldc (%)

1 PPh3 2 0 100 98
2 PPh3 4 0 0 0
3 1 2 0 83 82
4 1 4 0 0 0
5 1 2 2 52 51
6 1 2 4 30d 29d

7 1 2 6 79 76
8 1 2 8 43e 42e

9 1 4 4 0 0
10 1 4 8 27 25
11 1 4 12 74d 73d

12 1 4 16 0e 0e

13 f — — 2 0 0

a Reaction conditions: 1-hexene (1.0 mmol), silane (1.2 mmol), [Rh-
μ-Cl(C2H4)2]2 (5 μmol), toluene (1.0 mL), r.t., Ar-atmosphere, 1 h. b [Zn]
= Zn(salphen) complex 2. c Conversion/yield determined by 1H NMR;
yield determined using mesitylene as an internal standard. d Average
of two runs with both runs within 1–2%. eHeterogeneous mixture
observed. fReaction without the Rh precursor present.
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Fig. 6D). Two species were detected, with one being easily
identified as the free PN3/Zn(salphen) ligand assembly (δ =
−92.5 ppm) showing that not all the supramolecular phos-
phine interacts with the Rh metal center. The second species
(δ = −54.6 ppm), a Rh-containing complex different from the
one observed in the presence of only two equiv. of supramole-
cular ligand, pertains to a double doublet (dd, 1J(P–Rh) =
142 Hz; 2J(P–P) = 36.8 Hz). The 2J(P–P) coupling is typical for cis-
diphosphine–Rh complexes,21 and the formation of a dinuc-
lear Rh complex (see the inset of Fig. 6D) as proposed by Tsuji
for his bulky phosphine complexes is anticipated. The pres-
ence of bridging chlorides effectively prevents the formation of
trans-bis-phosphine complexes. The presence of tris-phos-
phine Rh complexes can be ruled out as in that case a more
complicated 31P NMR would be expected. Apparently, the
bulkiness of the PN3/Zn(salphen) ligand assembly does not
allow for the formation of (catalytically inactive) tri- or tetra-
phosphine species, and signal integration for both P-contain-
ing compounds present (Fig. 6D; ∼1 : 1) is in good agreement
with the hypothesis that only two phosphines can simul-
taneously coordinate to the Rh metal centre. The observed P–P
coupling is probably a result of a geometrical distortion (as in
the case of Tsuji’s P-ligands)19 caused by the steric impedi-
ment of the PN3/Zn(salphen) ligand assembly, with both mag-
netically distinct P centres in fast equilibrium.

Conclusions

This work has shown that supramolecular phosphines based
on the PN3 scaffold are indeed easily prepared by simple com-
bination of a series of Zn(salphen) complexes and PN3 1 in
solution giving rise to assembled structures with a preferable
2 : 1 stoichiometry. The latter has been supported by various
analyses (Job plot analysis, UV-Vis titrations, and control exper-
iments). The catalytic results, and in particular those obtained
using the PN3/Zn(salphen) ligand assemblies in hydrosilyla-
tion, clearly show that the supramolecular formation of bulky
phosphines with little synthetic effort may be useful as an
alternative for covalent phosphines,19 and the hydrosilylation
catalysis data for 1-hexene have shown comparable effects
between covalent and supramolecular bulky phosphine
ligands. Thus, this implies that assemblies of the type PN3/Zn-
(salphen) may hold promise to direct catalyst reactivity and
potentially process selectivity. Further catalytic studies are now
underway to exploit the bulkiness of such P-ligands in other
catalysed organic transformations.

Experimental section
General

NMR spectra were recorded with a Bruker AV-400 or AV-500
spectrometer and were referenced to the residual deuterated
solvent signals. Elemental analysis was performed by the
Unidád de Análisis Elemental at the Universidad de Santiago

de Compostela. Mass spectrometric analysis and X-ray diffrac-
tion studies were performed by the Research Support Group at
the ICIQ. Complexes 2,12 3,12 512 and 613 were prepared accord-
ing to previously reported procedures. Mono-imine A11 and
Zn(TPP) 1022 were prepared according to known procedures.

Synthesis of Zn(salphen) (4)

A mixture of 3-tert-butylsalicylaldehyde (390 mg, 2.19 mmol),
4-tert-butyl-ortho-phenylenediamine (180 mg, 1.09 mmol) and
Zn(OAc)2·2H2O (360 mg, 1.64 mmol) in MeOH (25 mL) was
stirred at room temperature for 48 h. Then the product was
collected by filtration to furnish a light orange product
(406 mg, 68%). 1H NMR (400 MHz, [d6]acetone): δ = 9.14 (s,
1H, CHvN), 9.04 (s, 1H, CHvN), 7.96 (d, 4J = 2.0 Hz, 1H,
ArH), 7.83 (d, 3J = 8.6 Hz, 1H, ArH), 7.44 (d, 4J = 2.0 Hz, 3J =
8.6 Hz, 1H, ArH), 7.23–7.28 (m, 4H, ArH), 6.46 (t, 3J = 7.6 Hz,
2H, ArH), 1.52 (s, 18H, C(CH3)3), 1.41 (s, 9H, C(CH3)3);

13C{1H}
NMR (125 MHz, [d6]acetone): δ = 182.58, 162.34, 161.91,
150.12, 141.99, 139.21, 137.35, 134.23, 130.35, 124.09, 119.66,
115.17, 112.41, 49.0, 35.12, 34.79, 30.72; MS (MALDI+, DCTB):
m/z = 546.1 [M]+ (calcd 546.2); elemental analysis calculated
for C32H38N2O2Zn·2H2O: C 65.80, H 7.25, N 4.80; found:
C 65.53, H 8.27, N 4.61.

Synthesis of Zn(salphen) (7)

To a solution of mono-imine A (73 mg, 0.27 mmol) in MeOH
(15 mL) were added 3,5-difluoro-salicylaldehyde (46 mg,
0.29 mmol) and Zn(OAc)2·2H2O (99 mg, 0.45 mmol). The solu-
tion was left stirring for 18 hours while an orange precipitate
was slowly formed. The desired compound was isolated by fil-
tration and dried in vacuo to yield an orange solid (114 mg,
89%). 1H NMR (500 MHz, [d6]acetone): δ = 8.99 (s, 1H,
CHvN), 8.92 (s, 1H, CHvN), 7.84–7.81 (m, 2H, ArH),
7.47–7.37 (m, 2H, ArH), 7.25 (d, 4J = 1.8 Hz, 3J = 7.4 Hz, 1H,
ArH), 7.20 (d, 4J = 1.8 Hz, 3J = 8.0 Hz, 1H, ArH), 7.03–6.97 (m,
2H, ArH), 6.43 (t, 3J = 7.6 Hz, 1H, ArH), 1.45 (s, 9H, C(CH3)3);
13C{1H} NMR (125 MHz, [d6]acetone): δ = 172.74, 163.86,
161.76, 141.94, 140.69, 139.39, 134.76, 130.80, 128.20, 126.98,
119.67, 119.25, 116.77, 113.57, 112.58, 107.93, 48.74, 35.12 +
29.46; MS (MALDI+, DCTB): m/z = 470.1 [M]+ (calcd 407.1);
elemental analysis calculated for C24H20F2N2O2Zn·1/3H2O:
C 60.33, H 4.36, N 5.86; found: C 60.36, H 4.19, N 5.81.

Synthesis of Zn(salphen) (8)

To a solution of mono-imine A (134 mg, 0.49 mmol) in MeOH
(20 mL) were added 3-nitro-salicylaldehyde (90 mg,
0.54 mmol) and Zn(OAc)2·2H2O (300 mg, 1.37 mmol). The
resulting solution was stirred for 18 h at room temperature. In
due course, a light orange suspension was obtained, which
was filtered to furnish the product as a light orange solid
(164 mg, 70%). 1H NMR (500 MHz, [d6]acetone): δ = 9.11 (s,
1H, CHvN), 8.97 (s, 1H, CHvN), 7.88 (t, 3J = 8.5 Hz, 2H, ArH),
7.79 (d, 4J = 2.0 Hz, 3J = 7.9 Hz, 1H, ArH), 7.69 (d, 4J = 1.7 Hz,
3J = 7.7 Hz, 1H, ArH), 7.47 (t, 3J = 7.6 Hz, 1H, ArH), 7.40 (t, 4J =
7.6 Hz, 1H, ArH), 7.29 (d, 4J = 1.8 Hz, 3J = 7.3 Hz, 1H, ArH),
7.24 (d, 4J = 1.9 Hz, 3J = 8.0 Hz, 1H, ArH), 6.60 (t, 3J = 7.7 Hz,
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1H, ArH), 6.47 (t, 3J = 7.6 Hz, 1H, ArH), 1.47 (s, 9H, C(CH3)3);
13C{1H} NMR (125 MHz, [d6]acetone): δ = 163.85, 162.23,
142.26, 140.72, 140.29, 139.14, 134.46, 130.96, 129.16, 128.49,
126.95, 123.35, 116.46, 112.91, 111.18, 48.93, 34.94, 29.15; MS
(MALDI+, pyrene): m/z = 478.9 [M]+ (calcd 479.1); elemental
analysis calculated for C24H21N3O4Zn·1/2H2O: C 58.85, H 4.53,
N 8.58; found: C 58.66, H 4.27, N 8.63.

Synthesis of Ru(CO)(salphen) (9)

A solution of N,N′-bis(3-tert-butylsalicylidene)-1,2-phenylene-
diamine (459 mg, 1.07 mmol) and Ru3(CO)12 (310 mg,
0.48 mmol) in toluene (25 mL) was heated under reflux for
18 h under argon.16 The reaction mixture was cooled to room
temperature, filtered through Celite, and concentrated under
reduced pressure. The resulting dark red residue was chro-
matographed on alumina(II) eluting first with toluene to
remove an orange band, followed by CH2Cl2 to remove a yellow
band, and then with a mixture of EtOH–acetone (5 : 95 v/v) to
remove a red-pink band. The red-pink band was concentrated
to dryness under vacuum affording the compound as a glassy
red solid that was recrystallized from aqueous EtOH. Yield:
52 mg (9%). 1H NMR (500 MHz, [d6]acetone): δ = 9.31 (s, 2H,
CHvN), 8.29–8.27 (m, 2H, ArH), 7.44 (d, 4J = 1.7 Hz, 3J =
8.1 Hz, 2H, ArH), 7.36–7.32 (m, 4H, ArH), 6.51 (t, 3J = 7.4 Hz,
2H, Ar-H), 1.54 (s, 18H, C(CH3)3);

13C{1H} NMR (125 MHz, [d6]-
acetone): δ = 216.51, 156.50, 142.50, 135.26, 130.65, 126.16,
115.36, 113.16, 35.51 29.35; UV-Vis (6.12 × 10−5 M in toluene):
λ (ε) = 306 nm (17 712), 379 nm (24 020), 480 nm (7500), 527
(shoulder, 6280); Selected IR (solid): v = 1924 (CO) cm−1; MS
(MALDI+, pyrene): m/z = 528.3 [M – CO]+ (calcd 528.1), 1056.5
[(M − CO)2]

+ (calcd 1056.3); elemental analysis calculated for
C29H30N2O3Ru·H2O: C 60.72, H 5.62, N 4.88; found: C 60.91,
H 5.82, N 4.32.

Hydrosilylation catalysis

A slightly modified literature procedure was applied:19 in a
typical experiment, under an argon atmosphere, the phos-
phine ligand, the Zn(salphen) complex 2 and [Rh(μ-Cl)-
(C2H4)2]2 were placed in a Schlenk flask and 1 mL of anhy-
drous, degassed solvent was added by a syringe. The mixture
was then stirred at room temperature for 2 h. Then 1-hexene,
mesitylene (used as an internal standard) and dimethyl-phe-
nylsilane were added by a syringe. After 1 h the conversion and
the yield were determined by 1H NMR using signal integration
and comparison.

Coordination studies

As a primary analysis tool 31P{1H} NMR was used. In a typical
experiment, the phosphine ligand, Zn(salphen) complex 2 and
[Rh(μ-Cl)(C2H4)2]2 were placed in a Schlenk flask and 1 mL of
anhydrous, degassed toluene was added by a syringe. The
mixture was stirred at room temperature for 2 h. Then an
aliquot was introduced in an NMR tube equipped with a capil-
lary containing [d6]acetone and a 31P NMR spectrum was
recorded.

UV-Vis titrations

A typical example is as follows: aliquots between 20–520 μL of
a solution of PN3 1 (9.54 × 10−4 M) and Zn(salphen) complex 2
(5.38 × 10−5 M) in dry toluene were added stepwise to 2.00 mL
of a solution of the host 2 in dry toluene in a 1.00 cm quartz
cuvette. After each addition, a UV-Vis spectrum was acquired.
UV-Vis spectra were recorded on a Shimadzu UV-1800
spectrophotometer.

Job-plot analyses

Samples for NMR Job plot analysis were prepared by mixing
weighed amounts of different Zn(salphen) complexes and PN3

1 (typically the concentration of the Zn(salphen) was 1.1–2.0 ×
10−2 M, and concentration of PN3 1 typically in the range 3.6 ×
10−3 to 1.3 × 10−2 M) in 0.7 mL of [d6]acetone following analy-
sis by 1H NMR spectroscopy. The δimine (CHvN) of the metal
complexes was plotted against the relative molar fraction (ξ) of
PN3 1 of each sample.

X-ray diffraction studies

The measured crystals were stable under atmospheric con-
ditions; nevertheless they were treated under inert conditions
immersed in perfluoropoly-ether as a protecting oil for
manipulation. Data collection: measurements were made on a
Bruker-Nonius diffractometer equipped with an APPEX 2 4K
CCD area detector, an FR591 rotating anode with MoKα radi-
ation, Montel mirrors and a Kryoflex low temperature device
(T = −173 °C). Full-sphere data collection was used with ω and
φ scans. Programs used: data collection Apex2 V2011.3
(Bruker-Nonius 2008), data reduction Saint+Version 7.60A
(Bruker AXS 2008) and absorption correction SADABS V. 2008-
1 (2008). Structure solution: SHELXTL Version 6.10 (Sheldrick,
2000)23 was used. Structure refinement: SHELXTL-97-UNIX
VERSION. Structure resolution was done with SIR2011.24

Crystallographic details for assembly 1·(2)2. C84H113N10-
O4PZn2, Mr = 1485.55, triclinic, P1̄, a = 15.4322(9) Å, b =
18.2236(12) Å, c = 31.756(2) Å, α = 84.459(3)°, β = 83.048(3)°, γ =
74.347(3)°, V = 8517.2(9) Å3, Z = 4, ρ = 1.161 mg M−3, μ =
0.634 mm−1, λ = 0.71073 Å, T = 100(2) K, F(000) = 3176, crystal
size = 0.20 × 0.20 × 0.03 mm, θ(min) = 0.65°, θ(max) = 25.07°,
90 843 reflections collected, 29 658 reflections unique (Rint =
0.0565), GoF = 1.048, R1 = 0.0648 and wR2 = 0.1650 [I > 2σ(I)],
R1 = 0.0942 and wR2 = 0.1772 (all indices), min/max residual
density = −1.053/1.334 [e Å−3]. Completeness to θ(25.07°) =
98.0%. The structure has been deposited at the CCDC with
reference number 893436. This structure was solved using a
disorder model for the tBu groups of the complex and for the
PN3 part of one of the crystallographic independent molecules.
There are six acetonitrile co-crystallized solvent molecules
present in the asymmetric unit, three of them were modelled
with disorder and the program Squeeze25 was applied.

Crystal data for assembly 1·(3)3. C181H206N18Cl2O12P2Zn6,
Mr = 3350.70, monoclinic, Cc, a = 29.253(3) Å, b = 16.9817(16)
Å, c = 33.515(3) Å, α = 90°, β = 100.630(3)°, γ = 90°, V =
16 363(3) Å3, Z = 4, ρ = 1.360 mg M−3, μ = 0.985 mm−1,
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λ = 0.71073 Å, T = 100(2) K, F(000) = 7032, crystal size = 0.20 ×
0.20 × 0.05 mm, θ(min) = 1.42°, θ(max) = 26.82°, 128 388 reflec-
tions collected, 34 428 reflections unique (Rint = 0.0453), GoF =
1.017, R1 = 0.0435 and wR2 = 0.1002 [I > 2σ(I)], R1 = 0.0571 and
wR2 = 0.1064 (all indices), min/max residual density = −0.846/
1.542 [e Å−3]. Completeness to θ(26.82°) = 99.4%. The structure
has been deposited at the CCDC with reference number
893439. This structure presents disorder in the various
salphen units with occupancy ratios of 50 : 50 and 60 : 40. The
structure is a DCM solvate.

Crystallographic details for assembly 1·(4)2. C76H100N7-
O6PZn2, Mr = 1369.34, monoclinic, P2(1)/c, a = 16.3497(13) Å,
b = 15.1014(11) Å, c = 29.107(2) Å, α = 90°, β = 93.354(3)°, γ =
90°, V = 7174.3(9) Å3, Z = 4, ρ = 1.268 mg M−3, μ = 0.747 mm−1,
λ = 0.71073 Å, T = 100(2) K, F(000) = 2912, crystal size = 0.30 ×
0.10 × 0.02 mm, θ(min) = 1.52°, θ(max) = 25.91°, 71 356 reflec-
tions collected, 13 912 reflections unique (Rint = 0.0846), GoF =
1.017, R1 = 0.0547 and wR2 = 0.1156 [I > 2σ(I)], R1 = 0.0949 and
wR2 = 0.1313 (all indices), min/max residual density = −0.824/
0.671 [e Å−3]. Completeness to θ(25.91°) = 99.6%. The structure
has been deposited at the CCDC with reference number
893440. This structure shows disorder in both the adamantane
backbone as well as in part of the tBu groups; the molecule
contains two co-crystallized acetone solvent molecules dis-
ordered over two positions.

Crystallographic details for assembly 1·(5)2. C64H71Cl4N8-
O4PZn2, Mr = 1319.80, monoclinic, C2/c, a = 30.798(2) Å, b =
13.5677(9) Å, c = 29.886(2) Å, α = 90°, β = 101.815(2)°, γ = 90°,
V = 12 223.7(14) Å3, Z = 8, ρ = 1.434 mg M−3, μ = 1.041 mm−1,
λ = 0.71073 Å, T = 100(2) K, F(000) = 5488, crystal size = 0.20 ×
0.15 × 0.15 mm, θ(min) = 1.35°, θ(max) = 28.20°, 211 665 reflec-
tions collected, 15 010 reflections unique (Rint = 0.0466), GoF =
1.060, R1 = 0.0310 and wR2 = 0.0714 [I > 2σ(I)], R1 = 0.0408 and
wR2 = 0.0753 (all indices), min/max residual density = −0.463/
0.397 [e Å−3]. Completeness to θ(28.20°) = 99.7%. The structure
has been deposited at the CCDC with reference number
893438. This structure is a CH3CN solvate with disorder in
both the adamantane structure as well as the co-crystallized
CH3CN molecules.

Crystal data for assembly 1·(6)2. C70.50H88ClN7O4PZn2, Mr =
1294.64, monoclinic, P2(1)/c, a = 14.3779(7) Å, b = 30.8290(15)
Å, c = 17.5123(8) Å, α = 90°, β = 110.964(2)°, γ = 90°, V = 7248.6(6)
Å3, Z = 4, ρ = 1.186 mg M−3, μ = 0.769 mm−1, λ = 0.71073 Å,
T = 100(2) K, F(000) = 2736, crystal size = 0.35 × 0.10 ×
0.10 mm, θ(min) = 1.41°, θ(max) = 26.80°, 73 204 reflections
collected, 15 211 reflections unique (Rint = 0.0410), GoF =
1.045, R1 = 0.0588 and wR2 = 0.1798 [I > 2σ(I)], R1 = 0.0751 and
wR2 = 0.1907 (all indices), min/max residual density = −0.437/
2.016 [e Å−3]. Completeness to θ(26.80°) = 98.0%. The structure
has been deposited at the CCDC with reference number
893441. This structure, a DCM solvate, was modelled using a
disorder model for both the adamantane and part of the tBu
groups. For resolving this structure the program SQUEEZE25

was used.
Crystal data for assembly 1·(7)3. C78H72.5N9F6O6.25PZn3, Mr =

1577.03, monoclinic, C2/c, a = 18.1552(4) Å, b = 31.5457(8) Å,

c = 25.2433(7) Å, α = 90°, β = 105.4820(10)°, γ = 90°, V =
13 932.7(6) Å3, Z = 8, ρ = 1.504 mg M−3, μ = 2.082 mm−1, λ =
0.71073 Å, T = 100(2) K, F(000) = 6500, crystal size = 0.10 ×
0.10 × 0.05 mm, θ(min) = 2.80°, θ(max) = 66.71°, 15 899 reflec-
tions collected, 16 047 reflections unique (Rint = 0.000), GoF =
1.147, R1 = 0.0497 and wR2 = 0.1436 [I > 2σ(I)], R1 = 0.0531 and
wR2 = 0.1487 (all indices), min/max residual density = −0.556/
0.513 [e Å−3]. Completeness to θ(66.71°) = 95.2%. The structure
has been deposited at the CCDC with reference number
893437. This structure is a hemi-hydrate with the water mole-
cules disordered over two positions. This sample was
measured using Cu-radiation, and the sample turned out to be
a combination of two crystals with a 71 : 29 occupancy ratio.
For the absorption correction TWINABS was used.26

Note that the structure for assembly 1·(8)2 was also deter-
mined; since it constitutes a very similar structure compared
to the other 2 : 1 assemblies, it was not completely refined. A
visual is provided in the ESI† and a res-file is available from
the authors.
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