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Bidentate P,P- and N,P-ligands derived from inexpensive and commercially available chiral source (R,R)-1,2-diaminocyclohexane, ha
een tested in the asymmetric Rh-catalyzed addition of diphenylsilane to acetophenone. Studies on the reactivity of these ligan

he rhodium precursor [Rh(cod)Cl]2 (cod = cycloocta-1,5-diene) have shown that either monomeric, or dinuclear complexes, or bot
ound in the solution. The structure of the cationic complex [Rh(cod)(3a)]PF6 (12), has been elucidated by X-ray analysis. The presen
he reaction mixture of different rhodium complexes which act as precatalysts, influences the activity and stereoselectivity of the p
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. Introduction

The hydrosilylation of prochiral ketones catalyzed by
nantioselective transition metal complexes has become an
ttractive method for the synthesis of optically active sec-
ndary alcohols[1]. In particular, rhodium(I) complexes that
ontain chiral ligands act as highly active catalysts for a
ide variety of aryl alkyl and dialkyl ketones[2]. A large
umber of homo- or mixed bidentate donor ligands have
een screened in Rh-catalyzed addition of silanes to ke-

ones. Many of them yielded promising results in terms of
symmetric induction and catalytic activity[3]. We have re-
ently published a new series of bisphosphoroamidite1a–1c
nd amino-phosphoroamidite3a–3b ligands. They were de-
ived from the economical, commercial chiral source (R,R)-

∗ Corresponding author. Tel.: +39 906765722; fax: +39 90393756.
E-mail address:c.arena@chem.unime.it (C.G. Arena).

1,2-diaminocyclohexane. They have been used in the
catalyzed asymmetric conjugate addition of diethylzin
2-cyclohexenone[4].

In order to evaluate whether this new series of P,P-
N,P-chiral ligands could be used in other transition-m
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catalyzed enantioselective transformations, we decided
to employ the bisphosphororamidite ligand1a and the
amino-phosphoroamidite ligand3a in the Rh-catalyzed
hydrosilylation. Moreover, we wondered if the stereos-
electivity of the process would be different using the
(R,R)-1,2-bis(diphenylphosphinamino)cyclohexane (2).
The phenyl groups on the phosphorus atom take a helical
conformation in this ligand when it is chelated to a rhodium
center[5]. We also decided to investigate the reactivity of
these ligands towards the rhodium precursor [Rh(cod)Cl]2
(cod = cycloocta-1,5-diene).

2. Experimental

All syntheses were performed under purified nitrogen us-
ing standard Schlenk techniques. Solvents were dried by stan-
dard procedures. Unless otherwise indicated, all materials
were commercially available and were used without further
purification. NMR experiments were carried out using the
Bruker AMX R300 spectrometer.1H NMR spectra were ref-
erenced to internal tetramethylsilane and31P{1H} spectra to
external 85% H3PO4 (δ = 0 ppm). Elemental analyses were
performed by Redox s.n.c., Cologno Monzese, Milano. Gas
chromatographic analyses were run on a Fisons GC 8000
M
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2.3. [Rh(cod)(3a)]PF6 (12)

Ligand3a (106 mg, 0.2 mmol) was added to a stirred so-
lution of [Rh(cod)Cl]2 (49 mg, 0.1 mmol) in toluene (5 mL).
The yellow solution was stirred for 30 min, and NH4PF6
(42.4 mg, 0.26 mmol) was added. After stirring overnight,
the inorganic salts were filtered and the filtrate was re-
duced (2 mL). Addition of hexane (10 mL) precipitated com-
plex 12 as yellow solid (88%, 156 mg). Anal. Calc. for
C38H57F6N2O4P2Rh: C, 51.59; H, 6.49; N, 3.17. Found: C,
51.48; H, 6.54; N, 3.01.1H NMR (C6D6): δ = 1.25 (m, 2H,
CH2); 1.39 (s, 9H, C(CH3)3), 1.55 (m, 6H, CH2); 1.67 (s, 9H,
C(CH3)3), 1.80 (m, 4H, CH2), 2.13 [d,3JP,H = 7.0 Hz, 3H,
CH3], 2.36 (m, 6H, CH, CH2), 2.74 (s br, 3H, CH3), 3.49 (s
br, 1H, NH), 3.79 (s, 3H, OCH3), 3.8 (s, 3H, OCH3), 4.09 (s
br, 1H, CH), 4.62 (s br, 1H, CH), 5.32 (s br, 1H, CH),
5.62 (s br, 1H, CH), 6.52 [d,4JH,H = 3.0 Hz, 1H, CH], 6.70
[d, 4JH,H = 3.0 Hz, 1H, CH], 6.95 [d,4JH,H = 3.0 Hz, 1H,
CH], 7.00 [d,4JH,H = 3.0 Hz, 1H, CH].31P NMR (C6D6): δ

= 129.2 [d,1JP,Rh = 251 Hz],−141.1 [sept.1JP,F = 712 Hz,
PF6

−]).

2.4. General procedure for asymmetric hydrosilylation
of acetophenone

of
[ n,
a d.
T ature
f and
2 d ee
v
[

2
r

e ob-
t ature
o ng a
g
C ures
a sed
u le.
T ction
[ lue
1 t and
F pro-
c
t ram-
e gen.
T cally
c -
i d to
N DC
ega series instrument equipped with a J&W�-Dex capil-
ary column (30 m× 0.32 mm i.d., 0.25�m film).

.1. [RhCl(1a)]2 (4)

Ligand1a (177 mg, 0.2 mmol) was added to a stirred
ution of [Rh(cod)Cl]2 (49 mg, 0.1 mmol) in toluene (2 mL
fter 20 min, the complex4was obtained, as yellow–oran
olid, by precipitation with hexane (10 mL). Yield (85
92 mg). Anal. Calc. for C50H68ClN2O8P2Rh: C, 58.57; H
.68; Cl, 3.46; N, 2.73. Found: C, 58.81; H, 6.75; Cl, 3
, 2.46.1H NMR (C6D6): δ = 0.92 (m, 2H, CH2); 1.25 (m,
H, CH2), 1.7 (m, 2H, CH2) 1.88 (s, 18H, C(CH3)3), 2.30 (s
8H, C(CH3)3), 2.53 (s, 2H, NH), 2.88 (s br, 2H, CH), 3.
s, 3H, OCH3), 3.41 (s, 3H, OCH3), 6.37 [d,4JH,H = 3.0 Hz,
H, CH], 6.78 [d,4JH,H = 3.0 Hz, 2H, CH], 7.13 [d,4JH,H =
.0 Hz, 4H, CH].31P NMR (C6D6): δ = 145.7 [d,1JP,Rh =
92 Hz].

.2. [Rh(cod)(2)]BF4 (9)

Ligand 2 (48.2 mg, 0.1 mmol) was added to
tirred solution of [Rh(cod)]2BF4 (40.5 mg, 0.1 mmol) i
ichloromethane (2 mL). After 10 min, the compound9was
btained by precipitation with hexane. Yield (83%, 74 m
nal. Calc. for C38H44BF4N2P2Rh: C, 58.48; H, 5.68; N
.59. Found: C, 58.25; H, 5.77; N, 3.51.1H NMR (CDCl3):
= 0.81 (m, 2H, CH2); 1.25–2.38 (m, 14H, CH2), 1.71 (m
H, CH2); 2.5 (s br, 2H, NH), 3.29 (s br, 2H, CH), 4.24 (m
H, CH), 4.85 (m br, 2H, CH), 6.90–7.80 (m, 20H, CH
1P NMR (CDCl3): δ = 66.0 [d,1JP,Rh = 161 Hz].
The ligand (0.01 mmol) was added to a solution
Rh(cod)Cl]2 (0.005 mmol) in toluene (2 mL). After 20 mi
cetophenone (1 mmol) and Ph2SiH2 (1.1 mmol) were adde
he mixture obtained, was then stirred at room temper

or 20 h. The solution was quenched with MeOH (7 mL)
.5 M aqueous NaOH (5 mL). The conversions (conv.) an
alues were determined using GC with a J&W�-dex column
3a].

.5. X-ray data collection, structure solution and
efinement for complex12

When a CHCl3 solution of complex12 underwent slow
vaporation, suitable crystals for the X-ray analysis were
ained. The intensity data were collected at room temper
n an AXS Smart 1000 single crystal diffractometer (usi
raphite monochromated Mo K� radiation,λ = 0.71073Å).
rystallographic and experimental details for the struct
re summarized inTable 1. The raw frame data was proces
sing SAINT and SADABS to yield the reflection data fi
he Bruker software was used for the absorption corre

6] (maximum and minimum effective transmission va
.000 and 0.8477). The structure was solved by direc
ourier methods and refined by full-matrix least-square
edures (based onF2

o ) (SHELX-97) [7], first with isotropic
hermal parameters, and then with anisotropic thermal pa
ters in the last cycles of refinement for all the non-hydro
he hydrogen atoms were introduced into the geometri
alculated positions and refinedriding on the correspond
ng parent atoms, apart from the hydrogen atom boun
(1), which was identified and isotropically refined. CC
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Table 1
Crystal data and structure refinement for complex12

Formula C38H57F6N2O4P2Rh
FW 884.71
Crystal system Orthorhombic
Space group P212121
a (Å) 10.557(5)
b (Å) 17.406(5)
c (Å) 22.125(5)
V (Å3) 4066(2)
Z 4
Dcalcd (g cm−3) 1.445
F(0 0 0) 1840
Crystal size 0.19× 0.15× 0.23
� (cm−1) 0.567
Reflections collected 23814
Reflections unique 9050 (Rint = 0.033)
Observed reflections [I > 2σ(I)] 5214
Parameters 487
R indices [I > 2σ(I)] R1 = 0.0498,wR2 = 0.0804
R indices (all data) R1 = 0.1148,wR2 = 0.0944

R1=
∑

||Fo| − |Fc||/
∑

|Fo|,wR2=
[∑

[w(F2
o − F2

c )
2
]/
∑

[w(F2
o )

2
]
]1/2

.

reference number 234032 contains the supplementary crys-
tallographic data for this paper. This data can be obtained free
of charge viahttp://www.ccdc.cam.ac.uk/datarequest/cif, by
emailingdatarequest@ccdc.cam.ac.ukor by contacting The
Cambridge Crystallographic Data Centre, 12, Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

3. Results and discussion

3.1. Coordination studies

Generally, the Rh-catalyst for the enantioselective hy-
drosilylation of ketones is prepared in situ using L* (chiral
bidentate ligand) and [Rh(cod)Cl]2 [2]. However, little infor-
mation regarding Rh(I)-complexes, which form in solution
and act as precatalyst, is available. It is well known that the
reaction of [Rh(cod)Cl]2 with bidentate ligands can give both
chelating monomeric or bridged dinuclear complexes. This
depends on the metal–ligand ratio, steric and electronic fac-
tors of the ligand and on the nature of solvent[8].

Hence our interest in studying the chemical behavior of
ligands1a–3a towards the dimeric complex [Rh(cod)Cl]2.
We expected a different reactivity among ligands1a–3aow-
ing to the different electronic nature of donor atoms.
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monomeric complex5 supporting the assignment of a sym-
metrical chloro bridged dinuclear structure for complex4.
The two non-equivalent phosphorus atoms of the compound
5 display two doublets of doublets atδ = 142.0 (1JP,Rh =
235 Hz;2JP,Rh,P = 67 Hz) and atδ = 151.8 (1JP,Rh = 258 Hz;
2JP,Rh,P = 67 Hz) in the31P{1H} spectrum (C6D6). Com-
pound4, as a yellow–orange air stable powder, was also iso-
lated.
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The reaction of bisphosphoroamidite1a in toluene, with
Rh(cod)Cl]2 in a 2:1 molar ratio afforded, almost exc
ively, the binuclear Cl-bridged complex [RhCl(1a)]2 (4).
he31P{1H} spectrum (C6D6) of the crude solution shows
oublet centered atδ = 145.7 (1JP,Rh = 292 Hz). This is due t

he equivalent phosphorus atoms of the bisphosphoroam
eing chelated to the rhodium center. Very low intensity
nances were also present, but could not be identified
ddition of pyridine to the reaction mixture[9] formed the
Reaction of2 [10] with [Rh(cod)Cl]2 in toluene, in a
:1 molar ratio, afforded three products. The31P{1H} spec-

rum (C6D6) of the mixture featured three doublets atδ =
8.3 (1JP,Rh = 157 Hz); 63.9 (1JP,Rh = 159 Hz) and 83.

1JP,Rh = 213 Hz) whose peak areas were in the 1:0.5:
atio, respectively. Due to probable oxidation product
igand2, additional signals were observed in the rangeδ =
0–24.5. The doublet atδ = 83.7 was assigned to the chlo
ridged complex [RhCl(2)]2 (6), being that the addition o
yridine had led to the formation of the monomeric co
lex [Rh(C6H5N)Cl(2)] (7) [δ = 75.0 (dd,1JP,Rh = 88 Hz;
JP,R,hP = 56 Hz); δ = 86.5 (1JP,Rh = 104 Hz; 2JP,Rh,P =
6 Hz)].

In a separate experiment, the addition of NaBF4 to the
rude solution allowed us to assign the doublet atδ = 63.9
o the cationic compound [Rh(cod)(2)]Cl (8). The sodium
alt addition led to the exchange of Cl− for BF4

− giving the
omplex [Rh(cod)(2)]BF4 (9) with a doublet atδ = 66 (1JP,Rh
161 Hz) in the31P{1H} spectrum (CDCl3), as confirme

http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
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by the analysis of a pure sample of9 (seeSection 2).
Finally, we identified the component atδ = 58.3, as the

binuclear complex{[Rh(cod)Cl]2(2)} (10) in which the two
metal atoms are bridged by only one ligand.

In agreement with this assignment, the reaction of2with
[Rh(cod)Cl]2, in an equimolar ratio, gave a mixture of com-
plexes8 and10 in the 0.2:1 ratio. Moreover, in the1H NMR
spectrum the olefin proton resonances of compounds10were
observed atδ = 4.30, 4.92, 5.80 and 5.88. Unfortunately, all
attempts to obtain10as a pure compound were unsuccessful.

Differently from ligands 1a–2, the reaction between
the amino-phosphoroamidite ligand3a and [Rh(cod)Cl]2
caused exclusively the splitting of the chloro bridge and
the formation of the [Rh(cod)(3a)]Cl (11). The exchange
of Cl− for PF6

− allowed us to obtain the cationic complex
[Rh(cod)(3a)]PF6 (12), which displayed a doublet atδ =
129.2 (1JP,Rh = 251 Hz) in the31P{1H} spectrum (C6D6).
S
c
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b
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Table 2
Selected distances and angles for complex12

Bond lengths
Rh1 P1 2.237(2) P1 O1 1.616(3)
Rh1 N1 2.178(5) P1 O2 1.638(3)
Rh1 M1 2.1778(6) P1 N2 1.635(4)
Rh1 M2 2.0404(5) N1 C9 1.510(8)
Rh1 C1 2.146(5) N1 C15 1.469(7)
Rh1 C2 2.154(6) N2 C14 1.491(6)
Rh1 C5 2.274(7) N2 C16 1.462(6)
Rh1 C6 2.281(6)

Bond angles
P1 Rh1 M1 177.95(4) O1 P1 N2 99.78(2)
P1 Rh1 M2 96.15(4) O2 P1 N2 111.19(2)
N1 Rh1 M1 91.01(1) Rh1 N1 C9 117.51(3)
N1 Rh1 M2 175.10(1) Rh1 N1 C15 111.90(3)
P1 Rh1 N1 87.24(1) C9 N1 C15 111.84(4)
Rh1 P1 O1 119.48(1) P1 N2 C14 116.43(3)
Rh1 P1 O2 113.45(1) P1 N2 C16 125.15(3)
Rh1 P1 N2 109.50(1) C14 N2 C16 118.41(4)
O1 P1 O2 102.52(2)

ligand are not coplanar (the dihedral angle between them is
50.8◦(1)), and the C19, C22, C29 and C32 atoms are not
collinear (the C10···C22···C32 angle involving non-bonded
atoms is 168.4◦(2)), probably due to the steric hindrance of
the tert-butyl groups. The absolute configuration at C9, C14
and N1 isR,R,R.

3.2. Rh-catalyzed hydrosilylation of acetophenone

The P,P-1a–2 and N,P-3a ligands were screened in the
asymmetric Rh-catalyzed addition of Ph2SiH2 to acetophe-
none (Scheme 1). The results are summarized inTable 3.

Using preformed dimeric rhodium complex [RhCl(1a)]2
(4) the conversion reached 99% and (S)-1-phenylethanol
was obtained in 16% ee value (entry 1). The catalytic sys-
tem [Rh(cod)Cl]2/1a gave the same enantiomeric excess
value with a slight decrease in the conversion (entry 2).
Probably, the presence of by-products in the reaction mix-
ture, as the31P{1H} NMR spectral monitoring revealed
(see coordination studies), reduces the activity of the cata-
lyst. [Rh(cod)2]BF4/1asystem afforded poorer results (58%
conv., 8% ee, entry 3).

Although the catalytic precursor containing ligand2 gave
a higher ee value (25% entry 5 versus 16% entry 1) than
[Rh(cod)Cl]2/1asystem and an inversion in the absolute con-
fi n
w ob-
s ider-
low evaporation of a CHCl3 solution of12 yielded yellow
rystals suitable for X-ray analysis.

A view of the structure of the cation of12 is shown in
ig. 1, together with the atom numbering system; sele
ond distances and angles are given inTable 2. The Rh
tom displays a slightly distorted square planar coordina
hich involves both the P1 and N1 atoms from the chela

igand3a(Rh1 P1 and Rh1N1 are 2.236(1) and 2.176(5)Å,
espectively) and the M1 and M2 midpoints of the two dou
onds of the cod ligand (Rh1M1 and Rh M2 are 2.1778(6
nd 2.0404(5)̊A, respectively). The two phenyl rings of t

ig. 1. Ortep view of compound12 with thermal ellipsoids drawn at th
0% probability level.
guration of the 1-phenylethanol (RversusS), the conversio
as rather low (48%). Vigorous hydrogen evolution was
erved during the addition of diphenylsilane and cons

Scheme 1.
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Table 3
Asymmetric hydrosilylation of acetophenone

Entry L Rh-complex Solvent T (◦C) Conv. (%)a ee (%)a

1 1a [Rh(Cl)(1)]2 Toluene 25 99 16 (S)
2 1a [Rh(cod)Cl]2 Toluene 25 94 16 (S)
3 1a [Rh(cod)2]BF4 Toluene 25 58 8 (S)
4 1a [Rh(Cl)(1)]2 Toluene 0 30 8 (S)
5 2 [Rh(cod)Cl]2 Toluene 25 48 25 (R)
6 2 [Rh(cod)Cl]2 Toluene 0 18 5 (R)
7 2 [Rh(cod)2]BF4 CH2Cl2 25 30 15 (R)
8 3a [Rh(cod)Cl]2 Toluene 25 40 0
9 3a [Rh(cod)2]BF4 CH2Cl2 25 50 0
10 3a [Rh(cod)2]BF4 THF 25 73 0

Reaction conditions: acetophenone (1 mmol), Ph2SiH2 (1 mmol), L/Rh = 1, [cat] = 1 mol%,t = 20 h.
a Percentage conversions and enantiomeric excesses determined by GC (�-Dex column).

able amounts of silylenol ether Ph2HSiOC(Ph) CH2 were
detected in the1H NMR spectrum. This indicates that sily-
lation of the enol of acetophenone becomes a prominent
drawback when employing [Rh(cod)Cl]2/2 as precatalyst
[1].

When the temperature is lowered, hydrogen evolution is
reduced, however a decrease in the reaction rate and enan-
tioselectivity was also observed (entry 6).

The catalytic system [Rh(cod)2]BF4/2, was tested in
CH2Cl2 owing to its low solubility in toluene. The cationic
[Rh(cod)(2)]BF4 species formed in solution (as evidenced
by the presence of a doublet in the31P{1H} NMR spectrum)
displayed a lower performance being that the conv. and ee
values were respectively, 30% and 15% (entry 7).

As observed with ligand1a, the rhodium cationic complex
[Rh(cod)2]BF4 is also less efficient with the P,P-2 ligand. The
chloride ligand is apparently required for a better activity in
active species. Unfortunately, investigations carried out on
both the actual reaction mixture and the mixture after catalytic
reaction, did not provide useful information about the species
present in the solution.

Although many Rh-catalyzed hydrosilylations give a bet-
ter performance at lower temperatures, the yield and the
ee value of 1-phenylethanol dropped dramatically when the
Rh/L (L = 1–2) systems were tested at 0◦C [11].
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4. Conclusions

We tested P,P-1a–2, and N,P-3a, ligands derived
from the economical, commercial chiral source (R,R)-1,2-
diaminocyclohexane, in the asymmetric Rh-catalyzed addi-
tion of diphenylsilane to acetophenone. Studies of the re-
actions of1a–3a with [Rh(cod)Cl]2 displayed that either
monomeric or dinuclear complexes, or both can be found
in the solution.

The [Rh(cod)Cl]2/1asystem and the [RhCl(1)]2 complex
showed good catalytic activity (from 94 to 99%) however low
enantiomeric excess value was obtained (16%). The lower
catalytic activity of the [Rh(cod)Cl]2/1a system is probably
due to the presence of unidentified Rh-ligand species in so-
lution.

With the catalytic system [Rh(cod)Cl]2/2 an improve-
ment in the asymmetric induction was observed (25% ver-
sus 16%) together with an inversion in the absolute config-
uration of the 1-phenylethanol (R versusS), but the conver-
sion was only 48%. The low activity is due to the forma-
tion of the by-product silylenol ether Ph2SiOC(Ph) CH2.
The activity and the stereoselectivity of the process is prob-
ably unfavorably influenced by the presence in the solu-
tion of three different rhodium complexes acting as precata-
lysts.

/Rh
s d-to-
e ,
i
l cha-
n Rh-
c de-
fi this
r

A

The [Rh(cod)Cl]2/3a system showed moderate cataly
ctivity in the hydrosilylation of acetophenone, but was
tereoselective (entry 8). In this case no hydrogen evol
as observed, and no silylenol was detected in the1H NMR
pectrum. The reaction between [Rh(cod)Cl]2 and the N,P-3

igand afforded the cationic complex [Rh(cod)(3a)]Cl (11),
s its only product (see above). Thus, we expected si
esults when using the catalytic system [Rh(cod)2]BF4/3a.
xperiments were conducted in CH2Cl2 or THF, ow-

ng to the poor solubility of the complex in toluene.
as expected, no asymmetric induction was obtained

he catalytic activity was depended on the solvent
loyed (entry 9 versus 10). When the temperature

owered to 0◦C, no influence on enantioselectivity w
oticed.
Although many chiral nitrogen–phosphorus ligands
ystems have provide secondary alcohols with goo
xcellent selectivity[2,3a,3d]the [Rh(cod)Cl]2/3a system

n which only the cationic precatalyst11 forms in so-
ution, was not stereoselective. Unfortunately, the me
ism and the configuration-determining step for the
atalyzed asymmetric hydrosilylation are not yet well
ned [12]. This precludes any rational interpretation of
esult.
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