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The reaction of [Rh(CO)2(m-Cl)]2 with two molar equivalents of a chiral ligand, (R)-N,N-
bis(2-diphenylphosphinoethyl)-1-phenylethylamine(PNP*) yield a mono-carbonyl complex,
[Rh(CO)Cl(�2-P,P-PNP*)] (1), in which the potentially tridentate PNP* ligand coordinates in a
bidentate fashion through P,P bonding. The complex was characterized by elemental analysis,
FAB mass, IR, UV-Vis, 1H- and 31P{1H}-NMR spectroscopy. Variable temperature
(223–298K) 31P{1H}-,NMR spectra of 1 showed a mixture of cis and trans isomers in the
solution with the trans predominating at room temperature and the cis at lower temperature.
Complex 1 was immobilized on silica through axial coordination of amine from
3-aminopropyltriethoxysilane functionalized silica. The immobilized materials were character-
ized by elemental analysis (N2), FTIR, DTA–TGA, N2-adsorption, XRD, and SEM analysis.

Keywords: Rhodium(I) complex; Chiral PNP ligand; Variable temperature 31P{1H}-NMR;
Immobilization; Silica functionalization

1. Introduction

Organic transformations mediated by catalytic use of chiral platinum complexes
in homogeneous phase have intensified from academic and industrial needs [1]. Most
chiral catalysts are a combination of optically pure ligand and a metal in a particular
oxidation state. Often, the activity of a specific metal species can be adjusted by varying
the electronic and steric properties of the ligand. As tertiary phosphines are highly
efficient in many catalytic reactions, there is a continuing effort to develop and design
chiral phosphine-based catalysts for asymmetric synthesis [2–4]. Previous studies have
demonstrated that the chelating phosphine ligands (e.g., BINAP and CHIRAPHOS)
are more efficient in inducing asymmetric reaction than simple monodentate
phosphines [5–8]. However, compared to simple diphosphine ligands, mixed donor
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ligands bearing a soft and hard combination of donors in the same ligand framework
(e.g., PO, PN, POP, and PNP) have an additional advantage because of their hemilabile
behavior [9–11]. In fact, chiral P,O and P,N donor hemilabile ligands have been used
in asymmetric catalysis [3, 12–15], e.g., Polo et al. [14] reported a Rh(I) complex with
enantiomerically pure hydroxylated phosphine, (1S,2S,5R)-1-diphenylphosphino-
methyl-2-isopropyl-5-methyl-cyclohexanol and its catalytic activity for hydroformyla-
tion of olefin and Tsarev et al. [15] reported rhodium and palladium complexes with
chiral P,N-bidentate ligands with the palladium complexes showing enantioselectivity up
to 93% for asymmetric alkylation.

Although homogeneous catalysts, in many cases, are more active and selective,
the separation and recovery of the catalysts from reaction solution are problematic.
To overcome this problem, covalent anchorage of homogeneous complexes onto
different insoluble supports [16, 17] were much focused. Silane-coupling reagents serve
as a linker keeping the catalyst center away from the support material so that it behaves
like a homogeneous catalyst. This methodology has been used for the immobilization
of several rhodium [18–24] and ruthenium [25–29] complexes onto different mesoporous
supports such as SiO2 [18–21, 25], MCM-41 [22–24, 26, 27], SBA-15 [24, 28, 29], etc.
One important criterion is that the support material should have some surface silanol
(SiOH) groups for the condensation between the –SiOH and the alkoxy or chloro
groups of silane-coupling reagent, affording a Si–O–Si covalent bond formation [16].
Among different supports, silica is a relatively low-cost and readily available material
possessing surface-active silanol which has been used earlier for the immobilization
of rhodium complexes [18–21]. By using organosilane-coupling reagents containing
different ligand functionality such as –NH2, –PPh2, –SH, etc., some of these materials
are excellent heterogeneous catalysts.

As part of our interests on organorhodium chemistry of hemilabile ligands [30, 31] and
their use as homogeneous catalysts, herein, we report the synthesis and characterization
of a Rh(I) carbonyl complex with a chiral ligand, (R)-N,N-bis(2-diphenylpho-
sphinoethyl)-1-phenylethylamine(PNP*). To the best of our knowledge, there is no
report of rhodium metal complexes with this PNP* ligand though there exist some
reports with iridium [32] and platinum [33]. Complex 1 was immobilized onto silica
through axial coordination of amine from 3-aminopropyltriethoxysilane (APTES)
covalently bound to silica. The catalytic activities for asymmetric hydroformylation
are in progress and the results will be published elsewhere.

2. Experimental

2.1. Instrumentation

Elemental analyses were recorded by using Elementar Vario EL III Carlo Erba 1108. IR
spectra were recorded in KBr using a Shimadzu Prestige-21 FTIR spectrophotometer
from 4000 to 400 cm�1. UV spectra were recorded using a Shimadzu UV 1700-UV-Vis
spectrophotometer in dichloromethane from 200 to 450 nm. 1H- and 31P{1H}-NMR
spectra were recorded in CDCl3 operating at 300.13 and 121.50MHz, respectively,
on a Bruker 400MHz spectrometer. FAB mass spectra were recorded on a JEOL SX
102/DA-6000 mass spectrometer using Argon/Xenon (6 kv, 10mA) as the FAB gas.
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The accelerating voltage was 10 kV and the spectra were recorded at room temperature.

The matrix used was m-nitrobenzyl alcohol (NBA) whose peaks may appear at m/

z¼ 136, 137, 154, 289, and 307 in the absence of any metal ions. If metal ions like Na

ion are present, these peaks may be shifted. The X-ray powder diffraction patterns were

recorded on a Bruker AXS D8 Advance fully automatic powder X-ray diffractometer

with Cu-K� (1.542 Å) radiation. The SEM images were recorded in a LEO 1430VP

scanning electron microscope. The DTA–TGA of the materials were recorded on a

Perkin Elmer DTA–TGA instrument (Model: Pyris Diamond) under air at a heating

rate of 10�Cmin�1.
The specific areas of the samples were determined from the argon thermal desorption

(composition of work mixture: 5% Arþ 95% He) with GC control. Before this

procedure, all samples were heated at 150�C.

2.2. Materials

Silica gel (100–200 mesh) was purchased from Merck and dehydrated by heating

at 120�C for 2 h prior to use; APTES and [Rh(CO)2Cl2] were purchased from Aldrich.

The ligand (R)-N,N-bis(2-diphenylphosphinoethyl)-1-phenylethylamine(PNP*) was

purchased from Fluka. All other chemicals and solvents were purchased from different

Indian firms. The solvents were distilled and dried prior to use. The reactions were

performed under inert atmosphere. Rhodium analysis was performed by the standard

literature method [34].

2.3. Synthesis of [Rh(CO)Cl(g2-P,P-PNP*)] (1)

To a solution of [Rh(CO)2Cl]2 (0.1 g, 0.257mmol) in 50mL of dichloromethane,

a solution of PNP* R(þ)-N,N-bis(2-diphenylphosphinomethyl)-1-phenylethylamine

(0.3 g, 0.55mmol) in 30mL of dichloromethane was added dropwise. The solution was

stirred under continuous flow of nitrogen at room temperature for about 20min, during

which the color gradually changes from red to yellow-brown. The solvent was then

evaporated and 1 was isolated from the residue by column chromatography using silica

gel with acetone as an eluting solvent. After evaporation, 1 was isolated as a deep yellow

(brown) solid. Yield: 86%. Anal. Calcd for C37H37NOP2ClRh: C, 62.34; H, 5.20;

N, 1.20. Found: C, 61.76; H, 5.09; N, 1.17. IR (KBr): 1965 cm�1 �(CO), UV-Vis

(CH2Cl2), �max (nm): 228, 274, and 360.

2.4. Modification of silica surface

Silica (2.0 g) was refluxed for 24 h with 3.8mmol of APTES in 100mL of dry toluene

under nitrogen. After cooling, the solids were separated from the solvent by filtration

and washed repeatedly through Soxhlet extraction with toluene. The materials were

then dried at 120�C for 6 h and designated as SiO2@APTES. Elemental analysis:

N, 1.82%; specific surface area: 277.7m2 g�1 (free silica 351.7m2 g�1).
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2.5. Immobilized complex 1 onto SiO2@APTES

One gram of SiO2@APTES was treated with 0.04 g of 1 in 40mL of CH2Cl2 and the
reaction mixture was refluxed under nitrogen for 3 h. The resulting solution was filtered
and the light yellow solids were washed several times through Soxhlet extraction with
CH2Cl2 until the physisorbed complexes were removed from the surfaces. The materials
were designated as 1@SiO2-APTES. Elemental analysis: N, 2.02%; specific surface
area: 242.0m2 g�1.

3. Results and discussion

3.1. Synthesis, elemental analysis, and mass spectra

The chlorobridged dimer, [Rh(CO)2Cl]2, undergoes bridge splitting with two
equivalents of PNP* to give a monocarbonyl complex, [Rh(CO)Cl(�2-P,P-PNP*)] (1),
where the potentially tridentate PNP* ligand binds bidentate through P,P. The
elemental analysis and FAB mass spectra of 1 are consistent with the formulation.
The fragmentation pattern of FAB mass spectrum of 1 is shown in ‘‘Supplementary
material’’ (www.informaworld.com/GCOO). The base peak appears at m/z¼ 676
(100%) which corresponds to the [Rh(CO)(PNP*)] fragment formed by the removal of
Cl� from the complex. The other peaks at m/z 647, 571, and 543 are due to gradual loss
of carbonyl, phenyl, and –CH(Me) groups, respectively, from the base peak.

3.2. FTIR spectra

The IR spectrum of 1 in KBr shows one strong �(CO) band at 1965 cm�1 consistent
with square planar Rh(I) carbonyl complex. Such a low �(CO) suggests high electron
density on the Rh-center, consistent with coordination of PNP* through two P-atoms
which donate electron density to the metal center [30]. The two P,P donors may occupy
either mutual trans or cis positions. However, the �(CO) value at 1965 cm�1 is very close
to trans-[Rh(CO)Cl(PPh3)2] [35] and other trans-diphosphine complexes [36–38] shown
in table 1, suggesting that the two P-donors of 1 are trans. Two phosphorus’ cis ruled
out as cis-diphosphine complexes show �(CO) at a relatively higher wavenumber
[39, 40]. IR spectra recorded in CHCl3 show a very broad band centered at 1975 cm�1

along with a much less intense shoulder at 2010 cm�1, suggesting a mixture of cis and
trans isomers in solution. The major peak observed at about 1975 cm�1 is very close
to the solid state �(CO) value (1965 cm�1), suggesting the predominant presence of
trans-complex in the solution. Similar behavior was observed by Espinet et al. [41] for
a Rh(I) monocarbonyl complex with an NPN ligand.

3.3. UV-Vis spectra

UV-Vis spectrum of 1 in dichloromethane shows two intense bands at 228 and 274 nm
attributed to intraligand �–�* and n–�* transitions, respectively. Compared to free
ligand (228 and 246 nm), the former band shows no shift, whereas the latter band shows
a shift of 26 nm, indicating a change of electronic environment of the ligand due to
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complexation. In addition to intraligand bands, 1 also shows a band at 360 nm, which
could be assigned to metal-to-ligand charge transfer [42].

3.4. 31P{1H}- and 1H-NMR spectra

Complex 1 has four possible isomeric structures shown in figure 1. The 31P{1H}-NMR
spectra of 1 in CDCl3 solution at room temperature show multiple signals in the range
20–62 ppm, indicating the presence of more than one isomer in the solution, consistent
with the complicated stereochemistry of some reported hemilabile ligands [9, 10]. The
cis diphosphine isomer (1a) is expected to give an ABX spin system (A¼B¼P and
X¼Rh) as the two P-atoms of the PP chelate are not equivalent, while the trans isomer
(1c) is expected to give an AX spin system (A for two equivalent P atoms and X for Rh).
The 31P-NMR spectrum of 1 shows both AX and ABX pattern of bands in an
approximate ratio of 3 : 2 assigned to trans and cis isomers, respectively, indicating the
presence of both trans and cis isomers in the solution. The major set of signal shows
a doublet at � 21 ppm and a coupling constant of JRhP 123Hz, consistent with the
trans isomer, while the minor set shows two doublets of doublets at � 43 ppm with
corresponding coupling constants JRhP� 141 and JPP� 45Hz, indicating cis-coordina-
tion of phosphorus. In addition to ABX and AX signals, the 31P{1H}-NMR spectra at
298K show two other signals, one broad singlet at 62 ppm and another at 32 ppm.
These additional resonances may possibly be due to an alternative cis P,N,P (isomer 1b)
and trans P,N,P (isomer 1d) coordination mode, as it is anticipated that coordination
through P,N,P would further bring the 31P signal downfield compared to P,P bonding
[32]. PNP* while coordinated with iridium [32] and platinum [33] binds both bidentate

Table 1. Comparison of �(CO) values of 1 with some reported cis and trans Rh(I) diphosphine complex.

Complex �(CO) (cm�1) References

trans-[Rh(CO)Cl(�2-P,P-PNP)] 1965 This work
trans-[Rh(CO)Cl(PPh3)2] 1964 [35]
trans-[Rh(CO)Cl{Ph2PC6H4C(O)O(CH2)2OC(O)C6H4PPh2}] 1965 [36]
trans-[Rh(CO)Cl{Ph2PC6H4(CH2)2C6H4PPh2}] 1970 [37]
trans-[Rh(CO)Cl(4-Ph2PC6H4COOMe)2] 1977 [30]
trans-[Rh(CO)Cl{Ph2PC6H4C(O)NPh(CH2)2OC(O)C6H4PPh2}] 1971 [38]
cis-[Rh(CO)Cl(PPh3)2] 2010 [39]
cis-[Rh(CO)Cl(PPh2CH2CH2PPh2)] 2011 [40]

Rh

P CO

ClP

N

(a) (b) (c) (d)

cis-P,P

Rh

CO

Cl

P

P

N

cis-P,N,P

Rh

CO

Cl

P

N

P

trans-P,P

Rh
CO

P

P
Cl

  N

trans-P,N,P

Figure 1. Possible isomeric structures of 1.
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(with P,P bonding) and/or tridentate (with P,N,P bonding) and while bidentate, prefers

to coordinate through P,P in a cis position. In order to study the fluxional behavior,

a variable temperature (223–298K) 31P{1H}-NMR experiment was performed

(figure 2). On lowering the temperature from 298 to 223K, a gradual decrease in the

Figure 2. Variable temperature (223–298K) 31P{1H}-NMR spectra of 1 recorded in CDCl3 with reference to
85% H3PO4.
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intensity of the AX spectrum at 21 ppm and an increase in the intensity of the ABX
spectrum at 43 ppm was observed. Thus, at 223K, the cis isomer 1c is the most stable
and at 298K, the trans isomer 1a is the most stable. Though the mechanism of this
inter-conversion between cis and trans isomer is not clear, a possible involvement of
cis-P,N,P (figure 1b) and trans-P,N,P bonding (figure 1d) in the exchange process could
not be ruled out; the reversible coordination of N-donor (switching from P,N,P to P,P
mode) to Rh(I) is most likely responsible for the equilibration in the solution. The
broad singlet at 62 ppm and sharp singlet at 32 ppm at 298K proposed for the cis
and trans P,N,P bonding changed to a broad doublet and a sharp doublet at 223K.
The 1H-NMR spectrum of 1 shows multiplets at � 7.0–9.0 ppm due to aromatic protons
present in the complex. Compared to free ligand, these values shift slightly downfield
indicating coordination through phosphorus. Peaks for the aliphatic protons, i.e., –CH,
–CH2, and –CH3, appear as indistinguishable multiplets consistent with the presence of
several isomeric structures in the solution, and the spectra cannot be interpreted exactly.

3.5. Immobilization of 1 onto silica

The modification of silica surface through surface functionalization with APTES
and immobilization of 1 onto modified silica was done following a strategy shown
in scheme 1. On the basis of nitrogen elemental analysis, the amount of APTES
anchored onto silica was determined as 1.30mmol g�1. The amount of complex
immobilized into SiO2@APTES was 5.7mmol g�1, determined from rhodium analysis.
The specific surface area obtained by N2-desorption analysis for free silica was
351.7m2 g�1, which upon functionalization with APTES decreases to 277.7m2 g�1.
A further decrease in the surface area was obtained for 1@SiO2-APTES (242m2 g�1)
compared to SiO2@APTES, consistent with immobilization of the complex onto silica.

3.5.1. IR spectral characterization. The FTIR spectra of free silica, APTES
functionalized silica (SiO2@APTES), and complex immobilized silica (1@SiO2-
APTES) are shown in ‘‘Supplementary material.’’ The spectrum of free silica exhibits
two broad bands, –OH stretching frequencies at 3616 and 3543 cm�1 due to the

OH

OH

Si
EtO

EtO
EtO

NH2

Toluene, Reflux 24h

Si
O

EtO
O

NH2

OO
OEt

H2N

Si

Rh

PCl

P CO

N

Complex 1

Reflux, 3h

Silica@APTESSilica

1@Silica-APTES

CH2Cl2

Scheme 1. Immobilization of 1 onto 3-aminopropyltriethoxysilane (APTES) functionalized silica gel.
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presence of Si–OH and water physically associated with silica surface. The spectrum

also shows a broad peak at 3240 cm�1 due to hydrogen bonded –OH. Upon

functionalization of silica with APTES, the intensity of the broad band around

3600 cm�1 decreases, indicating successful grafting of the organosilane with silica

surface via Si–O–Si bond formation [43]. In addition, SiO2@APTES also shows the

characteristics bands for CH and NH stretching from 2800 to 3200 cm�1. Upon

immobilization of the rhodium carbonyl complex onto SiO2@APTES, there is no

significant change in the FTIR spectrum as the quantity of metal complex immobilized

was so low that its absorption peaks were masked by the strong background peaks of

silica-APTES matrix. The only difference noticed between SiO2@APTES and 1@SiO2-

APTES spectra is the appearance of a low-intensity band at 1979 cm�1 due to the

Figure 3. XRD patterns of (a) free silica gel, (b) SiO2@APTES, and (c) 1@SiO2-APTES.

1114 P. Das et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
3
2
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



presence of the carbonyl group in accordance with the immobilization of the
Rh-complex onto the functionalized silica; shift about 14 cm�1 higher clearly indicates
the interaction between the support and metal center.

3.5.2. XRD and SEM analysis. The XRD spectrum (figure 3) of unfunctionalized
silica exhibits a broad halo with center at 2�¼ 20.01� with corresponding d-spacing of
4.44 Å. Upon silylation of silica with APTES, the resulting material, SiO2@APTES,

Figure 4. SEM image of (a) SiO2@APTES and (b) 1@SiO2-APTES.
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shows a very negligible shift in the 2� value but displays a slight decrease in halo
intensity. However, upon immobilization of the rhodium complex on SiO2@APTES, the
resulting material, 1@SiO2-APTES, shows a marginal shift in the center of halo position
(2�¼ 21.85�) and an increase in the intensity. Since the change in halo positions are not
prominent between the parent silica, SiO2@APTES and 1@SiO2-APTES, it could be
concluded that the textural properties of the support are not destroyed during the
grafting (only decreasing of surface area). The phase of rhodium complex is absent in the
immobilized sample. The change in intensities indicates some increase in the degree of
ordering of the structure (by rhodium presence) of the silica matrix upon immobilization,
which is also corroborated by the SEM analysis. Figure 4(a) and (b) shows the SEM
images of SiO2@APTES and 1@SiO2-APTES, respectively. Figure 4(b) shows that the
metal particles are sparsely attached to the silica surface (separated by white patches),
which is inhomogeneous and are of wide particle size distribution.

3.5.3. TGA analysis. The TGA weight loss pattern of the parent silica material shows
only one peak with a corresponding weight loss of about 12% in the region 40–150�C
attributed to the loss of physisorbed water and the surface hydroxyl present in silica.
In addition to the loss of physisorbed water in the range 40–142�C, the APTES
functionalized silica, SiO2@APTES, also displays other successive weight losses (8.27%)
without clearly distinct steps in the region 236–611�C attributable to the loss of organic
functionalities attached to the APTES unit. Based on DTA–TGA weight loss, the
amount of APTES loaded onto silica surface was calculated as 1.18mmol g�1, which is
slightly less than that determined by N elemental analysis. TGA analysis of 1 shows that
the major weight loss starts at ca 198�C and continues till ca 612�C with several
inflections observed by DTA attributed to the gradual loss of organic functionalities
from the ligand. However, upon immobilization of the complex onto silica, the
decomposition of organic functionality starts at ca 333�C and continues up to ca 750�C.
Compared to the free complex, the immobilized complex shows higher decomposition
temperature consistent with the interaction of the support with the metal center.

4. Conclusions

A rhodium(I) carbonyl complex with a chiral aminodiphosphine ligand was
synthesized; the potentially tridentate PNP ligand coordinates bidentate through P,P.
Variable temperature 31P{1H}-NMR spectra of the complex suggest several isomeric
structures in the solution; at room temperature, the trans isomer dominates, whereas at
lower temperature cis dominates. The complex was immobilized onto silica through
axial coordination of amine from APTES covalently bound to silica.
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