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Abstract

Reaction of [(COD)2Cl2Rh] (COD: cyclo-octadiene) with sodium tetrakis((3,5-trifluoromethyl)phenyl)borate (NaBARF) in the
presence of an excess of COD yields [(COD)2Rh]+BARF−. The COD ligands are readily displaced by the bidentate ligand
1,2-bis((2R,5R)-2,5-diethylphosphalono)benzene (Et-DuPHOS) to form [(COD)Rh(Et-DuPHOS)]BARF, the structure of which
has been determined by X-ray crystallography. BARF was selected as the counterion in order to achieve solubility in supercritical
carbon dioxide for use in asymmetric hydrogenation and hydroformylation reactions. Density-functional theory calculations were
used to study the intermediates in asymmetric hydroformylation of styrene. The energies of the two-enantiomer models differ by
11.3 kcal mol−1. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Rhodium complexes; Phospholanes; Homogeneous catalysis; Supercritical fluids; Crystal structures

1. Introduction

Chiral rhodium phospholane complexes have found
important applications as catalysts in hydroformylation
and hydrogenation reactions. Hydroformylation is one
of the most versatile methods for the functionalization
of C�C bonds [1]. Numerous chiral phospholanes and
phosphites have been synthesized to be used as ligands
for transition-metal-catalyzed homogeneous asymmet-
ric synthesis [2–5].

In recent years, there has been increasing interest in
using supercritical carbon dioxide (scCO2) as the reac-
tion medium for organic synthesis [6,7]. Use of a super-
critical reaction medium, in addition to being an
environmentally benign solvent, has other advantages.
Supercritical fluids have density tunable physicochemi-

cal properties affecting reaction rates and selectivities.
The mass transfer characteristics are superior in com-
parison to liquid reaction media due to high diffusion
coefficients and low viscosities. Finally, scCO2 is inert
to most reactions, it is non-toxic, non-flammable, read-
ily available, inexpensive and has rather mild critical
properties. Most homogeneous catalysts, however, are
not soluble in scCO2 without modification. It is well
known that fluorine groups attached to ligands increase
their solubility in scCO2 [8]. Burk et al. [9] used Et-
DuPHOS as a chiral bidentate ligand and prepared the
[(COD)Rh(Et-DuPHOS)]+ (COD: cyclo-octadiene)
complex, with the counterion being either trifl-
uoromethyl sulfonate or tetrakis(3,5-bis(trifloromethyl)-
phenyl)borate (BARF). They reported that the solubil-
ity in scCO2 of the complex with the BARF counterion
at 40 °C and 5000 psia was 0.030 mM.

In this study, we report the synthesis and structural
characterization of [(COD)Rh(Et-DuPHOS)]BARF.
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The synthesis follows a different synthetic route than
that reported by Burk et al.

The BARF counterion renders the complex soluble
in scCO2, which makes the catalysis suitable for homo-
geneous catalysis in scCO2. The structure of [(COD)-
Rh(Et-DuPHOS)]BARF is determined by single crystal
X-ray crystallography for the first time. Density-func-
tional theory (DFT) calculations are used to assess the
use of the complex as an enantioselective catalyst for
hydroformylation reactions.

2. Results and discussion

The general method of synthesis is given in Scheme 1.
Analytical and spectroscopic data can be found in
detail in Section 4.

2.1. [(COD)2Rh]BARF (2)

1H NMR (in CDCl3) spectra show two peaks for the
COD ligand at 2.4 ppm (CH2) and 5.09 ppm (CH2) and
a multiplet for the aromatic protons in the BARF
anion at 7.5 ppm. 19F NMR spectra show a singlet at
−62.08 ppm corresponding to the �CF3 group in
BARF [10]. Also consistent with the literature, the
BARF anion has no co-ordination to the complex. The
results of the elemental analysis of 2 are in agreement
with the theoretical values.

2.2. [(COD)Rh(Et-DuPHOS)]+BARF (3)

Rhodium-phosphorus NMR coupling has been re-
viewed by several authors. The values are normally in
the range of 81–150 Hz [11]. The peak at 69.7 ppm (d,
JRh–P=147 Hz) in the 31P NMR spectra (in CDCl3) is,
therefore, consistent with the literature. The 19F NMR
spectra (in CDCl3) show a singlet at −62.3 ppm. All
the peaks obtained by 1H NMR spectra were consistent
with the literature [12]. The structure was determined
by X-ray crystallography for crystals grown from a
methylene chloride/hexane mixture (1:2). ORTEP draw-
ings of 3 are shown in Figs. 1–3 for the [(COD)Rh(Et-
DuPHOS)]+ complex, the BARF counterion, and the
whole compound, respectively. Selected bond lengths
and angles are compiled in Table 1. The Rh�P, Rh�C
and the COD C�C bond lengths, and the 85.4° P�Rh�P
bond angle are all consistent with the literature [12].
The bond angles between the benzene ring and the
phosphorous atoms, C�C�P(1A): 0124.8° and
C�C�P(2A): 115.9°, indicate that the benzene ring has a
4.8° dihedral twist with respect to the P�Rh�P plane.
The COD ligand is �-co-ordinated to Rh through the
double bonded carbons. The bond angles indicate that
two co-ordinated C atoms from COD are on the
P�Rh�P plane. The other co-ordinated C atoms from

Scheme 1. Synthesis reaction of NaBARF, [(COD)2Rh]BARF and
[(COD)Rh(Et-DuPHOS)]BARF.

Fig. 1. ORTEP drawing of the [(COD)Rh(Et-DuPHOS)]+ cation in 3
(50% probability).

Fig. 2. ORTEP drawing of the BARF anion in 3 (50% probability).
The fluorine atoms of the CF3 groups are omitted for clarity.
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Fig. 3. ORTEP drawing of the crystal structure of 3 (50% probability).
The fluorine atoms of the CF3 groups are omitted for clarity.

and that the five-membered phospholane ring has a C2

symmetry. The bond angles of the BARF anion pre-
sented in Table 1 indicate that it has a tetrahedral
geometry.

3. Density-functional theory calculations

Calculations were performed for the molecular mod-
els shown in Fig. 4. The calculations were at the DFT

Table 2
Crystal data and refinement details for 3

Chemical formula C62H60BF24P2Rh
Formula weight 1436.76
Crystal system monoclinic

P21Space group
Temperature (K) 193

0.71073Wavelength (A� )
Unit cell dimensions

a (A� ) 18.866(4)
b (A� ) 13.322(5)
c (A� ) 25.300(3)
� (°) 92.313(16)

V (A� 3) 6354(3)
Z 8

3.004�calc (mg m−3)
8.57� (cm−1)
0.0929R1

a [I�2�(I)]
0.2228wR2

b [I�2�(I)]
0.1542R1

a (all data)
0.2594wR2

b (all data)

a R1=��Fo�−�Fc�/�Fo�.
b wR2=

��[w(Fo
2−Fc

2)2]
��[w(Fo

2)2]
�1/2

.

Table 1
Selected interatomic distances (A� ) and bond angles (°) for 3

Bond distances
Rh(1A)–C(1A) 2.16(3)
Rh(1A)–C(8A) 2.35(3)
Rh(1A)–C(4A) 2.23(2)

2.24(2)Rh(1A)–C(5A)
2.238(6)Rh(1A)–P(2A)

Rh(1A)–P(1A) 2.275(5)
1.34(3)C(1A)–C(8A)
1.39(3)C(4A)–C(5A)

B(1C)–C(1C) 1.67(3)
B(1C)–C(9C) 1.59(3)
B(1C)–C(17C) 1.65(3)
B(1C)–C(25C) 1.66(3)

Bond angles
P(1A)–Rh(1A)–P(2A) 85.4(2)
P(1A)–Rh(1A)–C(8A) 94.1(6)
P(1A)–Rh(1A)–C(1A) 101.1(7)
P(1A)–Rh(1A)–C(4A) 178.4(7)

145.3(7)P(1A)–Rh(1A)–C(5A)
93.9(7)P(2A)–Rh(1A)–C(4A)
98.0(7)P(2A)–Rh(1A)–C(5A)

P(2A)–Rh(1A)–C(8A) 176.1(7)
149.6(7)P(2A)–Rh(1A)–C(1A)
86.6(9)C(4A)–Rh(1A)–C(8A)

C(4A)–Rh(1A)–C(1A) 78.7(9)
C(5A)–Rh(1A)–C(8A) 80.2(9)

93.2(9)C(5A)–Rh(1A)–C(1A)
C(14A)–C(9A)–P(1A) 124.8(19)

115.9(16)C(11A)–C(10A)–P(2A)
C(9C)–B(1C)–C(1C) 111.3(16)
C(9C)–B(1C)–C(17C) 112.0(16)
C(9C)–B(1C)–C(25C) 104.1(17)

100.4(15)C(17C)–B(1C)–C(1C)
C(25C)–B(1C)–C(1C) 115.7(17)
C(17C)–B(1C)–C(25C) 113.6(17)

Fig. 4. Enantiomer models used in the DFT calculations.

COD form a 30° angle and one is above the P�Rh�P
plane, whereas the other is below the plane. These data
indicate that the complex has a square planar structure
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level with a B3LYP formalism, as described in Section
6. The purpose of these calculations is to investigate
enantioselectivity from the use of 3 as a catalyst for the
hydroformylation of styrene, a reaction we have been
pursuing experimentally. Enantioselectivity in hydro-
formylation reactions results from hydride insertion to
yield two possible enantiomers, if the reaction follows
textbook catalytic cycles [13]. With the benzene rings in
the styrene substrate and the DuPHOS ligand, model-
ing the relevant intermediate in the catalytic cycle using
modern DFT methods is not feasible. Instead of defer-
ring to less reliable computational methods, such as
molecular mechanics, we elected to pursue DFT calcu-
lations after simplifying the computational models by
replacing the phenyl groups with vinyl groups. This
simplification does not significantly affect the steric and
electronic environments of the chiral centers in the
intermediates. With this approach, the two enantiomers
shown in Fig. 4 represent the proposed intermediates in
the catalytic cycle of hydroformylation that would lead
to the branched aldehyde. The results of the calcula-
tions indicate that the R-enantiomer is more stable than
the S-enantiomer by 47.4 kJ mol−1 (11.3 kcal mol−1).
This result suggests that the substrate ‘feels’ the chiral
centers in the DuPHOS ligand. Therefore, if the hydro-
formylation of styrene is controlled by hydride inser-
tion, the calculations predict an enantiomeric excess for
the R-aldehyde. However, the calculations predict that
enantioselectivity may not be feasible, if the rate deter-
mining step occurs prior to hydride insertion in the
catalytic cycle (e.g., oxidative addition of H2, addition
of styrene to form the �-adduct). Further discussion of
the relevance of this conclusion to our experimental
results [14] on the hydroformylation of styrene in scCO2

using 3 as catalyst, including mechanistic and kinetics
data, will be published elsewhere. Consistent with our
findings, there is evidence in the literature suggesting
that the kinetics of hydroformylation using rhodium
catalysts are different in scCO2 from the kinetics in
organic solvents [15].

4. Experimental

4.1. General

All synthetic procedures were carried out under a
nitrogen atmosphere using standard Schlenk and glove
box techniques, and using flame-dried glassware. Di-
ethyl ether (Et2O), hexane, and tetrahydrofuran (THF)
were distilled from sodium benzophenone ketyl under
nitrogen. Methylene chloride (CH2Cl2) was distilled
from CaH2. Preparation of the sodium salt of BARF
was carried out (Scheme 1) as described by Brookhart
et al. [16] and Nishida et al. [17] and the product was

used without recrystallization. Caution: Safety precau-
tions should be taken while preparing BARF or any other
reactions in�ol�ing the use of a Grignard reagent with
fluorinated substrates. Fatal explosions ha�e occurred
with such procedures. All other chemicals were of
reagent grade quality and were used without further
purification.

4.2. Synthesis of [bis-cyclo-octa-1,5-diene-
rhodium(I)]+BARF− {[(COD)2Rh]BARF} (2)

Bis(cyclo-octa-1,5-diene)-�,��-dichlorodirhodium
(493 mg, 1 mmol) and cyclo-octa-1,5-diene (0.2 ml
excess) were dissolved in methylene chloride (5 ml). A
solution of NaBARF (1775 mg, 2 mmol) in methylene
chloride (10 ml) was added dropwise to the stirred
(25 °C) red solution. After addition was complete, the
deep red solution was stirred for 20 min and filtered
through anhydrous MgSO4, to remove NaCl, and then
added to hexane (60 ml) to give dark red crystals of 2
[18]. The product was filtered off under nitrogen and
recrystallized from dichloromethane/hexane (1:2). Yield
1.08 g (91%). m.p. 164–167 °C (dec.). Elemental analy-
sis: Calc. for C48H36BF24Rh: C, 47.79; H, 3.01. Found:
C, 48.11; H, 3.11. 1H NMR (200 MHz, CDCl3) 2.4
ppm (s, 8H, COD–CH2), 5.09 ppm (s, 4H, COD–CH),
7.5 ppm (s, 12H, Ph); 19F NMR (300 MHz, CDCl3)
−62.08 ppm (s, 24F, Ph(CF3)3).

4.3. Synthesis of [(cyclo-octadiene)rhodium(I)(1,2-bis-
((2R,5R)-2,5-diethylphosphalono)benzene)]+BARF−

{[(COD)Rh(Et-DuPHOS)]BARF} (3)

A modification of the procedure reported by Burk et
al., and Schrock and Osborn [19] was used for the
preparation of 3. A solution of [(COD)2Rh]BARF (500
mg, 0.42 mmol) in 15 ml of THF at 25 °C was added
dropwise to a solution of 1,2-bis((2R,5R)-2,5-di-
ethylphospholano)benzene (153 mg, 0.42 mmol) in 8 ml
of THF. The color of the solution turned from yellow
to orange upon phosphine addition. The reaction was
stirred for 15 min and after that the THF was removed
under reduced pressure precipitating an orange–red
crystalline product. The product was dissolved in meth-
ylene chloride (7 ml), and hexane (40 ml) was added
slowly to crystallize the product as an orange crystalline
solid: yield 374 mg (62%). 1H NMR (300 MHz, CDCl3)
0.8 ppm (t, 6H, CH3), 0.95 ppm (t, 6H, CH3), 1.1–1.5
ppm (m, 8H, CH2), 1.6–1.9 ppm (m, 4H, CH–CH2),
2.1 ppm (m, COD�CH2), 2.2–2.7 (m, 12H, COD�CH2

and CH�CH2), 4.85 ppm (s, 2H, COD�CH), 5.5 ppm
(s, 2H, COD�CH), 7.6–7.9 ppm (m, 16H, Ph�H); 31P
NMR (300 MHz, CDCl3) 69.7 ppm (JRh–P=147 Hz);
19F NMR (300 MHz, CDCl3), −62.3 ppm (s, 24F,
Ph(CF3)3).
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5. X-ray structure determination of 3

Suitable crystals of 3 were obtained by slow evapora-
tion of a methylene chloride/hexane (1:2) solution at
25 °C. The structure was determined using direct meth-
ods (SHELXS 86 (Sheldrick, 1985)). Details of the crystal
data, parameters for data collection, the solution and
refinement of the structure are given in Table 2.

6. Computational details

All calculations were performed with the Gaussian 98
suite of programs [20] for the molecular models in Fig.
4. The calculations were at the DFT level [21] using the
Becke three parameter [22] hybrid exchange functional
and the Lee et al. [23] correlation functional, B3LYP. A
Huzinaga/Dunning basis set [24] of a double-zeta qual-
ity was used for carbon and hydrogen atoms. A double-
zeta basis set plus one polarization function on the P
atoms was used, in order to properly describe the
hypervalent character of phosphorous compounds. A
small-core effective core potential (ECP) developed by
Hay and Wadt [25] was used for the rhodium atoms to
represent the 28 core electrons (1s2 2s2 2p6 3s2 3p6 3d10)
with a double-zeta basis set for the 17 outer electrons
from the atomic 4s2 4p6 5s2 4d7 shells. The ECP for
rhodium incorporates two relativistic effects for the
core electrons, mass velocity and Darwin, and thus
represents the dominant relativistic contributions to the
behavior of the outer electrons. Single point energy
calculations were carried out on the model systems. All
graphical manipulations to produce the models and
Gaussian 98 input files were done using Cerius2 [26].
The geometry of the Rh(DuPHOS) moiety was taken
directly from the crystal structure of 3. The force field
in Cerius2 was used to optimize the C�C and C�H
bonds in the vinyl group replacing the benzene ring in
DuPHOS and to optimize the geometry of the added
ligands (CO, H, H2C�CH�CH(CH3)�). The overall ge-
ometry around rhodium was constrained to a trigonal
bipyramidal arrangement in both the R- and S-models.

7. Supplementary material

A CIF file of the crystallographic data for the struc-
ture of 3.
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