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a b s t r a c t

We investigated the coordination properties of H-spirophosphoranes towards rhodium ion. Symmetrical
phosphorus ligands: HP(OCH2CH2NH)2 L1, HP(OCH2CMe2NH)2 L2, HP(OCMe2CMe2O)2 L3, HP(OC6H4NH)2
L4, and unsymmetrical phosphorus ligands: HP(OCMe2CMe2O)(OCH2CMe2NH) L5, HP(OCMe2C-
Me2O)(OC6H4NH) L6 were found to coordinate to rhodium precursor [Rh(CO)2Cl]2 exclusively in pro-
tonated k2-P,E (E ¼ N, O) bidentate fashion, yielding complexes [Rh(CO)ClL] 1e6. The complexes were
characterised by spectroscopic methods. The molecular structures of the ligand L6 complexes 3, 5 and 6
were determined by single-crystal X-ray diffraction. The catalytic activity of the complexes was deter-
mined in hydroformylation reaction of 1-hexene. Complexes 1 and 2 appeared to be active in isomer-
isation reactions yielding 76 and 62% of 2-hexene. When used with six-fold excess of triphenylphosphite
P(OPh)3 as a modified ligand, the most active catalyst 1 in hydroformylation reaction produced 66% of
aldehydes and 22% of 2-hexene.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

In continuation of our studies of coordination abilities of H-
spirophosporane ligands, we investigated some palladium(II) and
rhenium(V) complexes [1]. Spectroscopic as well as X-ray diffrac-
tion studies show that in most cases H-spirophosphorane ligands
behave as k2 bidentate heterofunctional ligands and coordinate to
the metal centre in tautomeric hydroxyalkyl(aryl)phosphite or
aminoalkyl(aryl)phosphite form: [PdCl2{P(OCMe2CMe2O)OCH2C-
Me2NH2}] [2], [PdCl(C3H5){P(OCMe2CMe2O)OCH2CMe2NH2}] [2],
cis- and trans-[ReOX2{P(OCMe2CMe2O)OCMe2CMe2O}py] [3]
(X ¼ Cl, Br, I) [ReOCl3{P(OCH2CMe2NH)OCH2CMe2NH2}], [ReOCl2{-
P(OCHMeCHMeO)OCHMeCHMeO}py] [4]. However, the mono-
dentate mode of coordination has also been found. Such
coordination propensity has been found for the tetraoxaspir-
ophosphorane ligand HP(OCMe2CMe2O)2 in complex [PdCl(m-Cl)
{P(OCMe2CMe2O)OCMe2CMe2OH}]2 [5]. Nevertheless, the same
ligand can also coordinate to palladium centre as the bidentate
chelating ligand [Pd{P(OCMe2CMe2O)OCMe2CMe2OH}(CF3COO)
{P(O)(CMe2CMe2O)}] [6]. Furthermore, it has been demonstrated
that subtle changes in the H-spirophosphorane structure bonded to
transition metals may influence the catalytic activity of the com-
plexes [1]. The fine tuning of H-spirophosphoranes structure
l (A. Skar _zy�nska).
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connected to the palladium(II) centre catalyst causes evident
changes in the yield and selectivity of substituted stilbenes; prod-
ucts of the Heck [5] and Hiyama [2] cross-coupling reactions. The
structural effect within coordinated spirophosphorane ligands also
finds reflection in the catalytic properties of rhenium complexes.
The application of oxo-rhenium(V) spirophosphorane complexes as
co-catalysts in aerobic oxidation reaction of aldehydes makes it
possible to find a connection between the structure of the com-
plexes and the yield of the products. Although the coordination
abilities of H-spirophosphoranes towards rhodium precursor have
been studied, little is known, to our knowledge, about the catalytic
properties of these complexes [7]. Since rhodium complexes are
known to operate as catalysts in hydroformylation reaction, we
were curious to determine the relationship between their structure
and their catalytic potential; especially as data reported in the
literature show that phosphites utilized in hydroformylation pro-
cess increase catalytic stability, improve reaction rates and selec-
tivities [8].

2. Results and discussion

2.1. Synthesis, spectroscopic characterisation and X-ray structural
studies of ligand L6

Attempts to obtain rhodiumcomplexeswithH-spirophosphorane
ligands have focused on various ligands. They are readily obtained in
one- or two-stage reactions for symmetrical and unsymmetrical
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Scheme 1. Drawings of H-spirophosphorane ligands: symmetrical L1eL4 and unsymmetrical L5eL6.
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ligands respectively. The treatment of hexamethylphosphoramide
P(NMe2)3 with diols or aminoalcohols results in the formation of
symmetrical compounds: HP(OCH2CH2NH)2 L1 [9], HP(OCH2C-
Me2NH)2 L2 [10], HP(OCMe2CMe2O)2 L3 [11], HP(OC6H4NH)2 L4 [7],
and unsymmetrical compounds: HP(OCMe2CMe2O)(OCH2CMe2NH)
L5 [2], HP(OCMe2CMe2O)(OC6H4NH) L6 (Schemes 1 and 2). Ligand L6
was obtained in good yield according to the procedure we had pre-
viously described for L5 [2]. The synthesis was conveniently carried
outasa single-potprocess involving, inthefirst stage, the formationof
(OCMe2CMe2O)PNMe2 in equimolar reaction of P(NMe2)3 with
pinacol, and its subsequent reaction with 2-aminophenol to yield
HP(OCMe2CMe2O)(OC6H4NH) L6. A doublet at�41.8 ppmwith 1J(Pe
H)¼ 823.2 Hz observed in 31P NMR spectrum, a sensitive tool for the
determinationof the structuralpropertiesofphosphoruscompounds,
allowed us to determine the exclusive presence of pentacoordinated
form of phosphorus moiety with a PeH bond. X-ray data show that
the geometry of the L6 is distorted trigonal bipyramid (TBP)with two
oxygen atoms in apical position and third oxygen, nitrogen as well as
hydrogen atoms in equatorial positions. Single crystal X-ray diffrac-
tion analysis reveals that the stereochemistry of ligand L6 is nearly
identical to what is to be expected from the spectroscopic studies.

The molecular structure of L6 is shown in Fig. 1. Details of the
structural determination are given in Table 1. The bond lengths and
angles are broadly similar to those reported for other ligands
[12,13]. It is worth mentioning that the P1eO2 bond length of
1.613(2) �A between phosphorus and oxygen atoms located in
equatorial positions is shorter than the two other, axial bonds. In
the crystal lattice, two adjacent molecules are alternately stabilised
by intermolecular hydrogen bonds NeH$$$O, as reported before for
similar ligands [2].

2.2. Synthesis, spectroscopic characterisation and X-ray structural
studies of complexes

Using the same rhodium precursor [Rh(CO)2Cl]2 we were sur-
prised to find that only the bidentate k2-P,E (E¼N,O) chelatingmode
of ligand coordination was possible, especially as literature data re-
ported to date show that tetraoxaspirophosphoranes are likely to
coordinate to rhodium moiety in monodentate k1-P fashion yielding
Scheme 2. Synthetic route to H-spirophosphorane ligands.
complexes with dangling hydroxyl group [7,14]. In this study, we
demonstrated that all the H-spirophosphoranes L1eL6 are capable
of coordinating to the rhodium centre in a tricoordinate hydrox-
yalkylphosphite or aminoalkyl(aryl)phosphite tautomeric form
yielding: [RhCl(CO){P(OCH2CH2NH)OCH2CH2NH2}] 1, [RhCl(CO)
{P(OCH2CMe2NH)OCH2CMe2NH2}] 2, [RhCl(CO){P(OCMe2CMe2O)
OCMe2CMe2OH}] 3 [RhCl(CO){P(OC6H4NH)OC6H4NH2}] 4, [RhCl(CO)
{P(OCMe2CMe2O)OCH2CMe2NH2}] 5, [RhCl(CO){P(OCMe2CMe2O)
OC6H4NH2}] 6 in spite of the fact that all free ligands exist only in
pentacoordinate form at 20 �C [15]. The H-spirophosphoranes
reacted with the rhodium precursor via the chloride bridge splitting
pathway, yielding mononuclear tetra-coordinated rhodium com-
plexes (Scheme 3). In the course of our study we were unfortunately
unable to isolate complex 4 in a pure form. To get inside the course of
the synthesis of 4, the reactionwas performed in deuterated toluene
in an NMR tube and monitored by means of 31P NMR spectroscopy.
At ambient temperature, only the doublet corresponding to the free
ligand at�47.5 ppm,with 1J(PeH)¼ 835Hz, is present in the system.
The reaction starts at 75 �C, and after 1 h major resonance attributed
to rhodium complex 4 (doublet at 140.8 ppm with 1J(Pe
Rh) ¼ 287.9 Hz) along with L4 as minor resonance signals were
detected. After 3 h of heating L4 was absent in solution; however,
apart from product 4, a singlet at 81.8 ppm, attributed to a new
species, and at 13.9 ppm, attributed to some product of ligand
decomposition, were also observed. Attempts to get rhodium com-
plexes using other starting materials, e.g. Rh(acac)(CO)2 with ligands
L3 or L5 even at an elevated temperature (toluene, 75 �C), failed: the
unreacted rhodium precursor was still present in the system.

The salient phosphorus nuclear magnetic resonance and
infrared spectral data for complexes 1e6 are presented in Table 2.
IR spectroscopic investigations of the complexes corroborate the
31P NMR findings. The FT-IR spectra of 1e6 showed expected
Fig. 1. Molecular structure of ligand L6. Displacement ellipsoids are drawn at the 30%
probability level and hydrogen atoms are shown as small spheres of arbitrary radii.
Selected parameters: P1eO11.740(2), P1eO3 1.674(2), P1eO2 1.613(2), P1eN11.666(3)
�A; O3eP1eO1 178.68(12), O2eP1eN1 124.38(13), N1eP1eO1 88.21(12), O2eP1eO3
92.02(12), O2eP1eO1 87.88(11), N1eP1eO3 90.77(13)� .



Table 1
Crystal data for HP(OCMe2CMe2O)(OC6H4NH) L6, [RhCl(CO){P(OCMe2CMe2O)OCMe2CMe2OH}] 3, [RhCl(CO){P(OCMe2CMe2O)OCH2CMe2NH2}] 5, [RhCl(CO){P(OCMe2CMe2O)
OC6H4NH2}] 6.

L6 3 5 6

Empirical formula C12H18NO3P C13H25ClO5PRh C11H22ClNO4PRh$0.25(C3H6O) C13H18ClNO4PRh$0.5(C7H8)
Formula weight 255.24 430.66 416.15 467.68
Temperature (K) 100(2) 100(2) 100(2) 100(2)
l (�A) 0.71073 0.71073 0.71073 0.71073
Crystal system Orthorhombic Orthorhombic Triclinic Monoclinic
Space group Pca21 Pccn P � 1 P21/c
a (�A) 15.482(7) 15.147(3) 9.263(3) 13.239(3)
b (�A) 8.542(4) 17.862(4) 12.906(4) 15.595(4)
c (�A) 9.986(4) 13.569(4) 15.319(5) 19.576(6)
a 70.54(3)
b 89.34(3) 108.81(3)
g 87.48(3)
Volume (�A3) 1320.6(10) 3671.2(15) 1725.1(10) 3825.8(18)
Z 4 8 4 8
Dcalc (g cm�3) 1.284 1.558 1.602 1.624
m (mm�1) 0.21 1.18 1.25 1.14
F(000) 544 1760 848 1896
Crystal size (mm) 0.28 � 0.10 � 0.03 0.17 � 0.14 � 0.11 0.45 � 0.04 � 0.01 0.23 � 0.18 � 0.11
q range(�) 3.1e36.8 2.9e36.9 2.9e30.0 2.8e30.0
No of collected

reflection
18,159 30,959 25,263 29,778

Independent
reflection

3783 5115 9502 9485

S 1.00 1.02 1.01 1.00
R1/wR2 indices 0.07/0.129 0.048/0.110 0.036/0.047 0.047/0.128
Flack parameter 0.19(14)

R1 ¼ P�
�
�
�Fo

�
�� �

�Fcj
�
�=
P�

�Fo
�
�; wR2 ¼ fP½wðF2o � F2c Þ2�=½wðF2o ÞÞ2�g1=2.

w ¼ 1=½s2ðF2o Þ þ ðaPÞ2� where P ¼ ðF2o þ 2F2c Þ=3; a ¼ 0:0438ðL6Þ; 0:053ð3Þ; 0:080ð6Þ.

Scheme 3. Rhodium complexes with H-spirophosphorane ligands.

Table 2
Relevant spectroscopic data for metal complexes 1e6.

Complex 31P{1H} NMRa IRb

d 1J(RheP) Dd31P{1H}
NMRc

n(C^O) n(NH2) n(RheCl)

1 132.6 243.4 186.1 2002vs 3215s
3274s

293vs

2 135.6 246.1 193.1 2001vs 3127m
3197m

291vs

3 123.2 257.6 163.0 1998vs e 294vs
4 140.8 287.9 190.2 2025vsd 3130d 320d

5 135.0 264.9 185.0 2012vs 3220m
3253s

298vs

6 147.5 283.6 191.5 2014vs 3209w
3250w

282vs

a Spectra recorded in CD2Cl2 solution, chemical shift d in ppm, J(Rh-P) in Hz.
b KBr [cm�1].
c d31P{1H} NMR (complex) � d31P{1H}NMR (ligand).
d Spectrum recorded in CDCl3 [7].
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n(C^O) stretching frequencies in the range 1998e2025 cm�1. The
lowest value was observed for the tetraoxaspirophosphorane
complex 3, and the highest one for complex 4 [7]. The terminal
n(RheCl) stretches for most of the complexes occur near 290 cm�1

and are consistent with the configuration having a terminal
metalehalogen bond [16].

The bidentate coordination of spirophosphorane moiety cor-
roborates the lack of n(PeH) stretching vibrations characteristic of
free H-spirophosphorane ligandswhich is usually, located at 2300e
2454 cm�1 [17], and the presence of narrow bands at approxi-
mately 3200 cm�1 due to n(NH2) stretching vibrations for com-
plexes 1, 2, 5, 6 [18]. A protonated bidentate k2-P,O mode of ligand
L3 coordination may be inferred from the presence of a broad band
at 3109 cm�1 attributed to the vibration of n(OH) [19]. Additional
evidence for the presence of a coordinated hydroxyl group in
complex 3 is provided by a broad singlet at 4.05 ppm in 1H NMR
spectrum. The 31P{1H} NMR spectra of 1e6 display doublets in the
range 123e148 ppm, relevant to rhodium complexes containing a



Fig. 2. Molecular structure of complex 3. Displacement ellipsoids are drawn at the 30%
probability level and hydrogen atoms are shown as small spheres of arbitrary radii.
Selected parameters: RheC13 1.792(4), RheP 2.1683(9), RheCl 2.3873(9), RheO4
2.108(2)�A; C13eRheP 89.79(12), O4eRheP 91.65(6), C13eRheCl 91.55(12), O4eRheCl
87.31(6), C13eRheO4 174.63(13), PeRheCl 176.47(3)� .
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spirophosphorane ligand in k2-P,E (E ¼ N, O) form (Table 2). The
coordination chemical shifts Dd31P{1H} NMR exceed the value of
163 Hz and depend on the kind of the coordinated ligand. Large
RheP coupling values observed for 1e6 are analogous to those of
known phosphite complexes [20].

From the standpoint of the literature reports, it is possible to
find a correlation between the spectroscopic properties of the
metal phosphine [21] or phosphite [22] complexes and the elec-
tronic properties of phosphorus ligands. Hence, the tentative
analysis of the 31P{1H} NMR spectroscopic parameters: chemical
shifts d, coupling constants J(RheP) or coordination chemical shifts
Dd31P{1H} NMR versus n(CO) stretching frequencies for complexes
1e6 allowed us to determine the relationship between these
Fig. 3. Molecular structure of complex 5. Displacement ellipsoids are drawn at the 30% prob
parameters: Rh11eC111 1.827(3), Rh12eC112 1.828(3), Rh11eCl11 2.3902(11), Rh12eCl12 2
2.129(2) �A; C111eRh11eN11 176.42(12), C112eRh12eN12 175.79(12), C111eRh11eP11 8
93.13(10), N11eRh11eP11 93.08(7), N12eRh12eP12 93.97(7), N11eRh11eCl11 83.64(7), N1
parameters (Table 2). The n(CO) values increase in a following order
3 < 2 < 1 < 5 < 6 < 4 and are in line with the decrease in the
basicity or electron donor ability of HSP ligands (Figures S1eS3
respectively). In this context ligand L4 appeared to be the one of
the lowest basicity, which consequently may explain the difficulty
in obtaining complex 4 in a pure form.

Although there are some examples of spirophosphorane
rhodium complexes described in the literature, to the best of our
knowledge no crystal structure has so far been reported for any of
them. Hence, to corroborate the rhodium coordination environment
in complexes 3, 5 and 6 deduced from spectroscopic measurements,
single crystal X-ray diffraction studies were done. Complexes 5 and
6 crystallise with two independent molecules in asymmetric unit.
The crystal structures and numbering schemes are illustrated in
Figs. 2e4. The X-ray analysis confirms the protonated bidentate
behaviour of L3, L5 and L6 ligands anticipated from spectroscopic
studies. The structures are analogous to other structures [23] with
almost square planar geometry of metal centre and with phos-
phorus and chlorine atoms located mutually in a trans arrangement.
When the rhodiumephosphorus distances are comparedwith other
complexes containing diphosphite ligands, RheP distance values are
analogues to distances of around 2.16 �A; however, as expected
considering the trans influence, they are rather short [24].
2.3. Catalytic application

To obtain the information on how electronic effects may influ-
ence catalytic activity, we turned our attention on rhodium-
catalysed hydroformylation reaction. The methodology of this
reaction was utilised as optimised before [25].

The hydroformylation reactions of 1-hexene proceeded under
1 MPa of CO/H2 ¼ 1, at 80 �C in toluene in the presence of catalyst
precursors 1e6 (Scheme 4).

In the case of complex 4, we studied in situ formed catalyst, for
which we allowed ligand L4 and catalyst precursor [Rh(CO)2Cl]2 to
react for 30 min in toluene at r.t. prior to the catalytic reaction. The
obtained results showed that when complexes 1e6 were used
alone, the concurrent isomerisation reaction appeared to be
dominant, yielding less reactive 2-hexene (Fig. 5). The most
ability level and hydrogen atoms are shown as small spheres of arbitrary radii. Selected
.3884(12), Rh11eP11 2.1655(11), Rh12eP12 2.1615(11), Rh11eN11 2.127(2), Rh12eN12
9.67(10), C112eRh12eP12 88.15(10), C111eRh11eCl11 93.72(10), C112eRh12eCl12
2eRh12eCl12 84.82(7), P11eRh11eCl11 175.67(3), P12eRh12eCl12 178.36(3)� .



Fig. 4. Molecular structure of complex 6. Displacement ellipsoids are drawn at the 30%
probability level and hydrogen atoms are shown as small spheres of arbitrary radii.
Selected parameters: Rh11eC131 1.831(4), Rh12eC132 1.827(3), Rh11eCl11 2.4039(9),
Rh12eCl12 2.3765(9), Rh11eP11 2.1721(9), Rh12eP12 2.1684(10), Rh11eN11 2.142(3),
Rh12eN12 2.151(3) �A; C131eRh11eN11 177.07(13), C132eRh12eN12 172.49(13),
C131eRh11eP11 91.51(10), C132eRh12eP12 90.56(11), C131eRh11eCl11 92.46(10),
C132eRh12eCl12 93.16(11), N11eRh11eP11 88.47(7), N12eRh12eP12 88.95(8), N11e
Rh11eCl11 87.62(7), N12eRh12eCl12 86.74(8), P11eRh11eCl11 175.91(3), P12eRh12e
Cl12 174.01(3)� .
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efficient catalyst was complex [RhCl(CO){P(OCH2CH2NH)
OCH2CH2NH2}] 1, producing up to 76% of 2-hexene and 8% of al-
dehydes: linear (1-heptanal) and branched (2-methylhexanal and
2-ethylpentanal). Comparable amounts of 1-hexene isomerisation
product, i.e. 62% of 2-hexene, were also achieved in reaction cata-
lysed by complex 2. Remaining complexes, 3e6, appeared to be less
active, and only 21% of 2-hexene was produced in a case of com-
plexes 4 and 5. In the presence of complexes 3 and 6, hydro-
formylation yielded the lowest amounts of 2-hexene, 10 and 8%
respectively. Keeping in mind that phosphorus ligands, i.e. phos-
phines or phosphites, added to the system can significantly
improve the yield of aldehydes [26], further experiments were
performed in the presence of triphenylphosphine, PPh3. Surpris-
ingly the addition of the phosphine ligand to the system involving
complex 1, (P/Rh¼ 6) dramatically decreases the yield of aldehydes
to nearly 7%; likewise, the addition of H-spirophosphorane sup-
presses the yield to 3%. However, the addition of triphenylphos-
phite, P(OPh)3 to the system seemed to play a beneficial role,
considerably increasing the amount of aldehydes: for complex 1 to
Scheme 4. Products of the hydroformylation reaction of 1-hexene: more desired linear (
product of concurrent isomerisation reaction i.e. 2-hexene.
66% with regioselectivity (l/b ¼ 7) (Fig. 6). Satisfactory results were
also achieved for complexes 2 and 5with high l/b ratio more than 5.
However, once again in the case of complex 3 the results were
unsatisfactory: only 13% of 2-hexene and 1% of aldehydes were
achieved.

Trying to understand the course of the hydroformylation of 1-
hexene, the non-volatile components remaining after the distilla-
tionofolefinsandaldehydeswere analysedbymeansof 31P{1H}NMR
technique [27]. Apart from a broad singlet at 127.9 ppm, relevant for
P(OPh)3, the spectrum shows a pattern consistent with an A2BX
system, were A, B ¼ 31P; X ¼ 103Rh [20a,28]. The spectrum reveals a
double triplet at 118.9 ppmwith J(RheP)¼ 285.3 Hz for phosphorus
ligands located in the trans position, a double doublet at 112.1 ppm
with J(RheP) ¼ 222.1 Hz for phosphorus ligands located in cis posi-
tion, and coupling constant J(PeP) of 53.0 Hz and 53.5 Hz respec-
tively. Itwas presumed that under catalytic reaction conditions in the
presence of an excess of triphenylphospite, coordinated spi-
rophosphorane and carbonmonoxide ligands were substituted with
three molecules of P(OPh)3 yielding the trisphosphite complex [Rh
{P(OPh)3}3Cl]. Thus we decided to evaluate the catalytic activity of
this species and performed two experiments. In the first one as a
source of catalyst we used [Rh(CO)2Cl]2 in the presence of six-fold
excess of P(OPh)3, in the second one [Rh{P(OPh)3}3Cl] alone. In both
cases the yield of aldehydeswas almost the same (42% and 44%; l/b 6
and 5.3). However, the amount of 2-hexene was higher for complex
[Rh{P(OPh)3}3Cl] (47% versus 11%). Although the final product
appeared to be the stable complex [Rh{P(OPh)3}3Cl], the resulting
amounts of aldehydes: linear and branched, were different for
various systems. Hence, in our opinion we cannot rule out the
1-heptanal) and branched (2-methylhexanal, 2-ethylpentanal) aldehydes, along with
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possibility that rhodium complexes incorporating H-spi-
rophosphorane ligands alongwith the triphenylphosphite ligand can
participate in catalytic cycle. The stability of these complexes under
hydroformylation reaction conditions may have a pronounced effect
on the course of the catalytic process. This tentative conclusion was
drawn based on the observation that when complex [RhCl(CO)
{P(OCMe2CMe2O)OCMe2CMe2OH}] 3 reacted with an equimolar
amountof P(OPh)3, newspecieswere formedwithin1.5h.Apart from
uncoordinatedL3, a newphosphorus species at 9.4ppmandcomplex
[Rh(CO)Cl{P(OPh)3}2] [20a,29] were detected in 31P{1H} NMR spec-
trum.Moreover, the downfield range of the spectrum also consists of
two doublets, at 121.4 and 128.08 ppm, with J(RheP) equal to 208.0
and 199.5 Hz, pertinent to two magnetically non-equivalent phos-
phorus atoms, probably belonging to coordinated P(OPh)3 and L3
ligands. Quite different observations were made when the more
active complexes 5 and 1 reacted with P(OPh)3. The complexes
appeared to bemore labile and the substitution reaction inboth cases
immediately led to the decomposition of coordinated spi-
rophosphorane ligands and the formation of the new phosphorus
species at 12.1 ppm (5) and 1.3 ppm (1) respectively. Considering the
electronicproperties of the coordinatedspirophosphorane ligands, in
our opinion it is hard to find a correlation between this factor and the
catalytic activity of the complexes, though complex 3 incorporating
supposedly themost basic ligand HP(OCMe2CMe2O)2 L3 exhibits the
lowest catalytic activity.

Our subsequent efforts were directed towards determining the
active form of catalyst present in a system without triphenylphos-
phite. Therefore, a deuterated toluene solution of the catalyst 5 was
heated (353 K) under 1 MPa of CO/H2 (1:1) for 4 h and analysed by
means of 31P{1H} NMR spectroscopy. The presence of a doublet at
135.3 ppm and a singlet at 13.10 ppm observed for the post-reaction
mixture, attributed to catalyst 5 and the spirophosphorane ligand
decomposition product respectively, apart from high yields of iso-
merisation products, i.e. 2-hexene obtained in the hydroformylation
reaction, may suggest that some amounts of the rhodium carbonyl
complexes Rh6(CO)16, Rh4(CO)12 are also formed during the catalytic
process [30]. The presence of rhodium carbonyl complexes known to
produce 2-hexene with 70e90% yield [31], was additionally evi-
denced by the IR spectrum of the post-reaction solution.

3. Conclusions

To determine the impact of coordinated H-spirophosphoranes
on their catalytic activity, a series of rhodium(I) complexes with
ligands incorporating variety of peripheral groups were obtained.
In addition to symmetrical ligands, also unsymmetrical ones
were synthesised to determine the preferences in their coordi-
nation modes. It was established that rhodium complexes
exclusively exhibit k2-P,E (E ¼ N, O) bidentate coordination
fashion, and k1-P coordination fashion for the tetraoxaspir-
ophosporane ligand, postulated in the literature, was not
observed. Some of the complexes appeared to be effective cata-
lysts for the isomerisation of 1-hexene, producing 2-hexene in
high yield. However, in the presence of a modifying ligand
P(OPh)3, the same complexes turn out to be regioselective cata-
lysts for 1-hexene hydroformylation. The introduction of tri-
phenylphosphite to the system suppressed the isomerisation of
1-hexene and caused an increase in the amount of aldehydes. It
was observed that even small changes in ligand structure affect
the activity and regioselectivity of the catalytic system, but it is
difficult in our opinion to find the systematic correlation between
catalytic properties and electronic properties of H-spi-
rophosphorane ligands.
4. Experimental section

4.1. General procedure

Chemicals and deuterated solvents were purchased from Sigmae
Aldrich and Fluka and used as received. All preparations were per-
formed in an atmosphere of dry, oxygen-free nitrogen, using con-
ventional Schlenk techniques. Solvents were carefully dried and
deoxygenated by standard methods [32]. The ligand precursors 1,6-
dioxa-4,9-diaza-5l5-phosphaspiro[4.4]nonane HP(OCH2CH2NH)2 L1
[9], 3,3,8,8-tetramethyl-1,6-dioxa-4,9-diaza-5l5-phosphaspiro[4.4]
nonane HP(OCH2CMe2NH)2 L2 [10], 2,2,3,3,7,7,8,8-octamethyl-
1,4,6,9-tetraoxa-5l5-phosphaspiro[4.4]nonane HP(OCMe2CMe2O)2
L3 [11], 2l5-2,20-(3H,30H)-spirobi[1,3,2-benzoxazaphosphole]
HP(OC6H4NH)2 L4 [7], 2,2,3,3,8,8-hexamethyl-1,4,6-trioxa-9-aza-5l5-
phosphaspiro[4.4]nonane HP(OCMe2CMe2O)(OCH2CMe2NH) L5 [2],
were prepared according to the literature methods. [RhCl2{P(OCH2C-
Me2NH)OCH2CMe2NH2}] 2 and [RhCl(CO){P(OC6H4NH)OC6H4NH2}] 4
were obtained in a manner described previously [7].

IR and FIR measurements were performed in KBr or Nujol with a
Bruker 113V FTIR. 1H and 31P{1H} NMR spectra were obtained on a
Bruker AMX (300 MHz for 1H NMR) or Bruker Avance 500 MHz
spectrometer (500 MHz for 1H NMR). The chemical shifts (d) are
given in ppm towards TMS (1H) and H3PO4 (31P) using deuterated
solvents as lock and reference (1H) respectively. Elemental analyses
were performed on a 2400 CHNS Vario EL III apparatus. Analytical
gas chromatographic (GC) analyses were performed on a Hewlett
Packard 8452A.
4.2. Synthesis of the ligand HP(OCMe2CMe2O)(OC6H4NH) L6

40,40,50,50-tetramethylspiro-[1,3,2-benzoxazaphosphole]-
2(3H),20l5-[1,3,2]dioxaphospholane HP (OCMe2CMe2O)(OC6H4NH)
L6 was obtained using the general procedure described in the
literature for ligand L5 [2]. The crude product was purified by
recrystallisation from hexane in a freezer providing crystals suit-
able for X-ray analysis.

Anal. Calc. for C12H18NO3P: C, 56.47; H, 7.11; N, 5.49; Found: C,
54.84; H, 7.13; N, 5.20%; 1H NMR (CD2Cl2) d 1.26, 1.27, 1.29, 1.32
(12H, s’s, CH3), 5.18 (1H, d, 2J(P, H) ¼ 17.8 Hz, NH), 6.70 (4H, m,
Ph-H) 7.97 (1H, d 1J(P, H) ¼ 823.2 Hz, PH); 31P NMR (CD2Cl2)
d �41.8 (d 1J(P, H) ¼ 823.2 Hz); IR nmax(nujol)/cm�1 743vs, 949vs,
977vs, 1009m, 1145s n(CeOeP), 2374m, 2397m n(PeH), 3370s
n(NeH).
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4.3. Synthesis of the complexes

4.3.1. [RhCl(CO){P(OCH2CH2NH)OCH2CH2NH2}] 1
[Rh(CO)2Cl]2 (0.05 g, 0.13 mmol) was added to a solution of

HP(OCH2CH2NH)2 (0.57 g, 0.38 mmol) in toluene (2 cm3). The yel-
low solution was stirred for 30 min to produce an orange precipi-
tate. The obtained product was filtered, washed with hexane and
dried in vacuo. Yield: 0.04 g (47%). Anal. Calc. for C5H11ClN2O3PRh:
C, 18.98; H, 3.50; N 8.85; Found: C, 19.41; H, 3.60; N, 8.58%; 1H NMR
(CD2Cl2) d 2.81 (2H, m, CH2), 3.12 (2H, wide s, NH2), 3.33 (2H, m,
CH2), 3.89 (1H, d, 2J(P, H) ¼ 24.08 Hz, NH), 4.18 (2H, m, CH2), 4.26
(2H, m, CH2); IR nmax(KBr)/cm�1 920s, 993s, 1033s, 1059s n(CeOeP),
2002vs n(CO), 3138m, 3215m, 3274s n(NeH2) n(NeH).

4.3.2. [RhCl(CO){P(OCMe2CMe2O)OCMe2CMe2OH}] 3
[Rh(CO)2Cl]2 (0.07 g, 0.18 mmol) was added to a solution of

HP(OCMe2CMe2O)2 (0.10 g, 0.37 mmol) in diethyl ether (15 cm3).
The yellow solution was stirred for 30 min and the excess of the
solvent was concentrated in vacuo affording a light-yellow precip-
itate of 3. The product was filtered, washed with hexane and dried
in vacuo. Yield: 0.11 g (70%). The crude product was purified by
recrystallisation from acetonitrile/toluene/ethyl ether solution,
providing crystals suitable for X-ray analysis. Anal. Calc. for
C13H25ClO5PRh: C, 36.26; H, 5.85; Found: C, 36.51; H, 5.67%; 1H
NMR (CD2Cl2) d 1.34, 1.40, 1.45, 1.59 (24H, s’s, CH3), 4.05 (1H, br s,
OH); IR nmax(KBr)/cm�1 925vs, 953vs, 1138s n(CeOeP), 1998vs
n(CO), 3109m, n(OH).

4.3.3. [RhCl(CO){P(OCMe2CMe2O)OCH2CMe2NH2}] 5
The complex 5 was prepared in the manner described for 3,

replacing L3 with the appropriate H-spirophosphorane ligand L5.
Yield: 0.09 g (50%). The crude product was purified by recrystalli-
sation from dichloromethane/ethyl ether solution, providing crys-
tals suitable for X-ray analysis. Anal. Calc. for C11H22ClNO4PRh: C,
32.90; H, 5.52; N 3.49; Found: C, 32.90; H, 5.46; N, 3.47%; 1H NMR
(CD2Cl2) d 1.22, 1.34, 1.40, (9H, s’s, CH3), 2.60 (1H, br s, NH2), 3.82
(1H, d, 3J(P, H) ¼ 18.7 Hz, CH2); IR nmax(KBr)/cm�1 917vs, 952s,
1047s, 1138s n(CeOeP), 2012vs n(CO), 3220m, 3253m n(NeH2).

4.3.4. [RhCl(CO){P(OCMe2CMe2O)OC6H4NH2}] 6
Complex 6 was prepared in a manner described for 1, replacing

L1 with the appropriate H-spirophosphorane ligand L6. Yield:
0.09 g (83%). The crude product was purified by recrystallisation
from acetonitrile/toluene solution in a freezer, providing crystals
suitable for X-ray analysis. Anal. Calc. for C13H18ClNO4PRh: C, 37.03;
H, 4.30; N 3.32; Found: C, 38.11; H, 4.42; N, 3.31%; 1H NMR (CD2Cl2)
d 1.40,1.61 (12H, s’s, CH3), 4.49 (2H, br s, NH2), 7.16 (4H,m, AreH); IR
nmax(KBr)/cm�1 925vs, 956s, 1135s n(CeOeP), 2014vs n(CO), 3209w,
3250w n(NeH2).

4.4. Hydroformylation reaction

Hydroformylation reactions were performed in a steel autoclave
with 40 cm3 Teflon liner under the starting pressure of 1 MPa of
H2:CO (1:1). The reactor was charged in an atmosphere of nitrogen
with the catalyst precursor (1.5 � 10�5 mol) and an appropriate
amount of triphenylphosphite P(OPh)3 or triphenylphosphine PPh3
(if necessary), which were weighed in small Teflon vessels and
introduced to the autoclave. Then, dried toluene (1.5 cm3) and 1-
hexene (1.5 cm3, 1.2 � 10�2 mol) were added. The autoclave was
closed, purged with dihydrogen and filled with 5 atm of H2 and
5 atm of CO. The autoclave was heated to 80 �C and reaction
mixture was stirred magnetically. After 4 h the autoclave was
cooled and opened. The products were separated from the catalyst
by vacuum distillation and analysed by GC (or GCeMS).
4.5. Crystal structure determinations

The data were collected on a KM4CCD diffractometer and cor-
rected for Lorentz and polarisation effects. Data reduction was
carried out using the Crysalis (Agilent) programs. The structures
were solved by the direct method using SHELXS and refined by the
full-matrix least-squares method on F2 using the SHELXL software
[33]. Non-hydrogen atoms were refined with anisotropic thermal
parameters. Hydrogen atoms were set in calculated positions and
refined using the riding model with a common fixed isotropic
thermal parameter. The hydrogen atom attached to phosphorus in
L6was located in a difference Fourier map and its coordinates were
freely refined but its displacement parameters were constrained to
ride on P atom, with Uiso(H) ¼ 1.5Ueq(P).
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