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Abstract

The addition of the atropisomeric racemic sulfur compound 4,4'-biphenanthrene-3,3'-dithiol (H,biphes) to a dichloromethane solution
of [{(M( u-OMeXcod)},] (M = Rh, Ir, cod = cycloocta-1,5-diene) afforded the dithiolate-bridged complexes [{Rh,( u-biphes}cod),},]
(n=25or n=1 6) and [{Ir,{ u-biphes¥cod),},]-,CH,Cl, 7. When 1,!-binaphthalene-2,2'-dithiol (H,binas) reacted with {{Ir( -
OMe)cod)}, ), complex [Ir,( pu-binasXcod),] 8 was obtained. Complexes 5 and 6 reacted with carbon monoxide to give the dinuclear
tetracarbonyl complex [Rh,( u-biphesXCO),] 9. The reaction of 9 with PR; provided the mixed-ligand complexes [{Rh,( u-
biphesXCO),(PR;),},1- xCH,Cl, (R=Ph, x=2 10, C¢H,;, x=1 11) and [{Rh,( x-biphesKCO)y(PR,)},]- CH,Cl, 12 R =
OC¢H,Bu'-0). The crystal structure of 6 was determined by X-ray diffraction. Reaction of the dithioether ligand Me,biphes with
[Rh(cod), ]C1O, in CH,CIl, solution afforded the cationic complex [Rh(codXMe,biphes)ICIO, - CH,Cl, 13. Asymmetric hydroformyla-
tion of styrene was performed using the complexes described. The extent of aldehyde conversion ranges from 53 to 100%. with
selectivities towards branched aldehydes in the range 51 to 96%. The enantioselectivities were quite low and did not exceed 20%. © 1997
Elsevier Science S.A.
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1. Introduction at low temperature and moderate pressure [1]. The
enantioselectivity of this reaction, however, varies over
a wide range, and high enantiomeric excesses (e.e.s)
have been attained only in the last 3 years, following the
introduction of chiral bidentate ligands with phosphorus
donors of new design. Notably, most of these ligands
have a stereogenic axis as a chiral motif.

For instance, Takaya and coworkers have demon-
strated that complexes with the atropisomeric mixed
phosphine phosphite ligand (S,R)- and (R,S)-binaphos
1 or biphemphos 2 (Scheme 1) are excellent catalysts
for the enantioselective hydroformylation of a variety of
terminal and internal olefins [3]. On the other hand,

* Corresponding author. different catalytic precursors derived from chiral

The regio and enantioselective hydroformylation of
olefins is a reaction of great chemical and pharmaceuti-
cal interest because it provides a straightforward method
for the synthesis of chiral aldehydes [1]. These are
valuable intermediates in the preparation of a wide
variety of products of biological interest [2].

Rhodium catalysts display high activity in hydro-
formylation and, in the case of aryl-substituted eth-
ylenes, they produce the branched aldehyde in high
yield with excellent chemo- and regio-selectivity even

0022-328X /97 /$17.00 © 1997 Elsevier Science S.A. All rights reserved.
PI S0022-328X(97)00151-4
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Scheme 1.

diphosphites and diphosphinites have provided e.e.s
between 50 and 90% in the hydroformylation of styrene
while retaining the excellent chemo- and regio-selectiv-
ity typical of rhodium catalysts [4]. These results are
illustrative of the ability of these novel chiral phospho-
rus chelators to induce asymmetry in rhodium-catalyzed
hydroformylation.

The high catalytic activity displayed in hydroformy-
lation by dinuclear thiolato-bridged rhodium complexes
has been documented for several years [5,6].

The first demonstration that chiral rhodium catalysts
containing sulfur ligands can induce asymmetry in hy-
droformylation has been established only 3years ago.
Our groups [7] showed that styrene can be hydroformy-
lated by Rh(I) complexes containing either anionic or
neutral ligands derived from the atropisomeric binaph-
thalene-core dithiol H,binas 3 (Scheme 1). Although
the stereoselectivity was low and did not exceed 15%
e.e., this was considered to be a significant result be-
cause the use of chiral ligands containing only sulfur as
a donor provided new opportunities in asymmetric hy-
droformylation and, more generally, in asymmetric
catalysis promoted by organotransition metal com-
plexes.

High catalytic activity and regioselectivity were also
recorded both when using cationic mononuclear and
neutral dinuclear Rh(I) complexes as catalytic precur-
sors [7]. While some of these derivatives have been
isolated and characterized by multinuclear NMR in an
early stage of this investigation, more recently a mixed
carbonyl phosphite tetranuclear rhodium dithiolato com-
plex [{Rh,( u-binas)(CO),(P(OC H,Bu"0),)},] has
been isolated and its crystal structure determined by
X-ray diffraction [8].

Pursuing our efforts in this field, we have extended
the investigation of binas-based catalysts in asymmetric
hydroformylation. More recently, we have introduced
different sulfur donor atropisomeric ligands based on
the axially chiral biphenanthrene backbone for use in
this process. Compounds of this structure have recently

been prepared in enantiopure form in order to check if
an increase of the conformational stability and of the
stiffness of the atropisomeric diaryl framework could
result in an improved asymmetric induction with respect
to the corresponding binaphthalene counterparts [9].

Here we report on new rhodium(I) and iridium(I)
derivatives containing neutral or anionic sulfur ligands
derived from 4,4"-biphenanthrene-3,3'-dithiol 4 (H,bi-
phes) (Scheme 1) and on the catalytic activity of some
of these complexes and the analogous ones with binas
in the enantioselective hydroformylation of styrene.

2. Results and discussion
2.1. Preparation of the dithiolate complexes

Complexes [{Rh,( u-biphes)(cod),},] n=2 5 and n
=1 6 and [{Ir,( p-biphes)(cod),},] - nCH,Cl, 7 (cod =
1,5-cyclooctadiene) were obtained by adding racemic
H,biphes to a dichloromethane solution of [{M( u-
OMe)(cod)},] (M = Rh, Ir). When racemic H ,binas was
added to a dichloromethane solution of [{Ir{ u-
OMe)(cod)},], complex [Ir( p-binas)cod),] 8 was
formed. The reactions are analogous to that reported for
rhodium complexes with the binas ligand [8]. In the
case of rhodium complexes, the addition of methanol
caused the precipitation of an orange solid 5 whose
microanalytical data matches the [{Rh,(u-
biphes)(cod),},] stoichiometry. The concentration and
cooling of the remaining solution yielded a red complex
6 which corresponded to the same stoichiometry. In the
case of iridium complexes, dark red solids 7 and 8 were
isolated by addition of methanol.

The molecular weights of the complexes 5, 6 and 8,
determined osmometrically in CH,Cl, at 25°C indicate
that 5 is tetranuclear and 6 and 8 are dinuclear (Scheme
2). The molecular ion for 6 (m/z = 838) is the heaviest
ion in the FAB mass spectra of both 5 and 6, which
suggests that 5 undergoes fragmentation. In the case of
7, the molecular weight was not able to be determined
and its FAB mass spectrum shows the heaviest ion at
m/z = 1017 which does not allow one to conclude the
nuclearity.

The '"H NMR spectra for 5 and 6 show the olefinic
proton signals of the coordinated cyclooctadiene ligand
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as two multiplets at 4.2 and 4.5 ppm and for 7 and 8
at 6 3.6 and 4.2 ppm. Owing to the bent structure and to
the nature of the dithiolate ligand, four non-equivalent
sites should be expected. However, not all non-equiv-
alences were resolved. The methylenic protons show
two multiplets at 1.8 and 2.2 ppm for 5 and 6 and at 1.8
and 2.0ppm for 7 and 8. The different signals corre-
sponding to the aromatic protons of the coordinated
dithiolate ligand can be seen at 6.0-8.2ppm. 'H NMR
of the rhodium complexes § and 6 do not show differ-
ences, as would be expected according to the osmomet-
ric measuremerts.

The structure of the complex 6 was established by an
X-ray diftraction study. The molecular structure of 6 is
presented in Fig. 1. Selected bonds and angles are listed
in Table [. Data collection parameters are summarized
in Table 2. Suitable crystals were obtained for the
complex synthesized with a raceme mixture of the
biphes ligand, just as is corroborated with the structure
analysis. The ligand bridges the two metals atoms which
present an almost square-planar environment. The tor-
sion angle between the two metals and the sulfur atoms
is 116.3°. The intramolecular Rh(1)-Rh(2) distance
2948 A suggests a weak metal-metal interaction
{10,11]. This distance is slightly longer than other
dirhodium complexes which have bridging dithiolate
ligands, [Rh,( u-(S(CH,),S)(cod),] (Rh-Rh =
2.876 A) (Rh (,u(S(CH ),S)cod),] (Rh-Rh =
2.896 A) [12]. Otherwise this d1stance is similar to one
in the asymmetric unit of the tetranuclear Rh(I) complex
with binas ligand [{Rh,( u-binas}CO),(P(OC H,Bu'-
0),)},18). The shortest intermolecular distance between
two different molecules is 6.048 A. This distance indi-

Fig. 1. Molecular structure of [Rh,( p-biphesXcod), ] 6.

81
Table 1 .
Selected bond lengths (A) and angles (deg) for complex 6
Rh(1)-Rh(2) 2.948(1)
Rh(1)-S(1) 2.487(2) Rh(2)-S(1) 2.380(2)
Rh(1)-S(2) 2.367(2) Rh(2)-S(2) 2.374(2)
Rh(1)-C(1) 2.16(1)  Rh(2}-C(11) 2.19(1)
Rh(1)-C(2) 2.17(1)  Rh(2)-C(12) 2.19(1)
Rh(1)-C(5) 2.15(1)  Rh(2)-C(15) 2.15(1)
Rh(1)-C(6) 2.19(1)  Rh(2)-C(16) 2.16(1)
S(1)-C1) 1.815(8) S(2)-C(41) 1.807(8)
Rh(1)-M1 2.056 Rh(1)-M2 2.051
Rh(2)-M3 2.080 Rh(2)-M4 2.045
Rh(1)-S(Q2)-Rh(2)  76.896)  Rh(2)-S(D-Rh(1)  74.52(6)
SQ-Rh(D-S(1)  86.70(7)  S()-Rh(D-S(1)  88.94(7)
MI-Rh(1)-M2 87.06 M1-Rh(1)-S(1) 97.39
M1 -Rh(1)-S(2) 159.55 M2-Rh(1)-5(2) 90.84
M2-Rh(1)-S(1) 173.59 M3-Rh(2)-M4 87.28
M3-Rh(2)-S(1) 89.69 M3-Rh(2)-S(2) 178.62
M4-Rh(2)-S(2) 94.09 M4-Rh(2)-S(1) 171.29

M1, M2, M3 and M4 are the midpoints of C(1)-C(2), C(5)-C(6),
C(11)-C(12), C(15)-C(16) respectively.

cates no interaction between metal atoms of dlfferent

molecules. The Rh-S distance (average 2.402 A) and
Rh-C distance (average 2.169 A) are similar to other

complexes with dithiolate-bridged ligands [12,13].

This is the first example of a dirthodium complex

with an atropisomeric dithiol structurally characterized.

Table 2
Crystal data for compound 6

Empirical formula
Formula weight
Temperature (K)

Wavelength (A)
Crystal system
Space group

Unit cell dimensions

Volume (A%)

zZ

Deunsity (calculated) (gem ™)
Absorption coefficient (mm ™)
F(000)

Crystal size (mm?®)

6 range for data collection (deg)
Index ranges

Reflections collected
Independent reflections
Refinement method

Data /restraints /parameters
Goodness-of-fit on F?

Final R indices [I> 20 ()]
R indices (all data)

Largest diff. peak and hole

(e”A™Y)

CyHypRh,S,
838.70
293

0.71069

Monoclinic

P2, /¢

a=10.95(6)A
b=2687(6)A, B = 103.12(6)".
c=12.68(6)A

3633.3

4

1.533

1.054

1704

0.2x0.2x0.1

2.22 t0 24.99
0<h=<12,0<k<3l,
~14<i<14

21678

5842 [ R(int) = 0.0587]
Full-matrix least squares on FZ
5713/0/515

1.222

R, =0.0652, wR2 = 0.1389
R, = 0.0867, wR2 = 0.1698
0.819 and ~0.920
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Bubbling carbon monoxide through dichloromethane
solutions of the diene completes 5 and 6 yields carbonyl
complexes which are formed by displacing the diene.
The elemental analyses match the stoichiometry
[{Rh,( p-biphes)(CO),},]1 9. The molecular weight (791)
was determined osmometrically and suggested that a
dinuclear compound had been formed. Monitoring the
reaction by infrared spectroscopy shows the presence of
three »(CO) signals at 2076m, 2061s and 2014scm ™!
which are characteristic of dinuclear tetracarbonyl
rhodium complexes [8,11,14-16].

On treatment with PR, (R = Ph, C¢H,;, OC({H,Bu"-
0), the dinuclear tetracarbonyl complex [Rh,( p-
biphes)(CO),] 9 affords the carbonyl—phosphorus com-
plexes [{Rh,( u-biphes)(CO),(PR;),},]1- xCH,Cl, (R
=Ph, x=210,R=C,H,,, x =1 11) and [{Rh,( p-bi-
phes)(CO),(PR,)},]- CH,Cl, 12 (R =OC H,Bu'-0o).
The molecular weights, determined osmometrically in
CH,Cl, at 25°C indicate the tetranuclearity of the
complexes.

The IR spectra in CH,Cl, and KBr of 10, 11 and 12
show »(CQO) absorptions corresponding to terminal car-
bonyl complexes.

The *'P NMR spectrum of 10 in CDCI, shows a
doublet at & (ppm) = 45.4 (' J(Rh—P) = 174 Hz) indicat-
ing that the phosphorus ligands are in equivalent envi-
ronments. The *'P NMR in CDCI, of 11 shows one
doublet of high intensity at & (ppm) = 35.52 (' J(Rh—P)
= 124Hz) and another doublet of lower intensity at
8 (ppm) = 36.98 (' J(Rh—P) = 118 Hz) which is indica-
tive of different environments for the phosphorus lig-
and.

Elemental analysis of 12 indicates that only two of
the CO ligands are substituted by a phosphorus ligand,
as we reported previously in the structure of the com-
plex [{Rh,( p-binas)(CO),(P(OC,H,Bu"-0),)},] where
binas ligand was used [8]. The behavior of
P(OC.H Bu'-0), ligand is analogous for Rh-biphes
complexes. The *'P NMR spectrum of 12 in CDCI,
shows a broad signal at &(ppm)= 119 which is not
possible to resolve, either by changing solvent or by
decreasing the temperature to — 120 °C.

2.2. Preparation of the dithioether complex

Reaction of Me,biphes with [Rh(cod),]CIO, in
CH,Cl, sclution and addition of diethyl ether afforded
the cationic complex [Rh(cod)(Me,biphes)|CIO, -
CH,Cl, 13 by displacement of one 1,5-cyclooctadiene
ligand. Microanalytical data matches the stoichiometry
presented.

The FAB mass spectrum shows the heaviest ion at
m/z =657 corresponding to the loss of CIO, in the
molecular ion. This is indicative of a mononuclear
complex.

The IR spectrum in KBr shows two strong bands at

1100 and 620cm™"' which are characteristic of the
CIO, anion in cationic rhodium complexes.

'H NMR in CDCI, shows two multiplets at 4.2
and 3.8 ppm which correspond to the olefinic protons of
the coordinated cyclooctadiene and two multiplets at
0 2.5 and 1.8 ppm which correspond to the endo and
exo methylenic protons. Methyl groups of the Me, bi-
phes ligand appear as a singlet at & 2.2 ppm. The differ-
ent signals corresponding to the aromatic protons of the
coordinated dithioether ligand can be observed in the
region 8.1-5.9 ppm.

When other dithioether ligands, (iPr),binas and
(iPr),biphes, were used no reaction was observed at
room temperature.

2.3. Hydroformylation of styrene

Catalytic experiments were run in tetrahydrofurane at
a substrate /metal ratio 400:1 under different operative
conditions in order to check the influence of the most
significant parameters. Preformed neutral dinuclear or
cationic mononuclear complexes were normally em-
ployed as catalysts. Preliminary experiments were car-
ried out using racemic ligands. Enantiopure ligands
were used when the more favorable conditions were
met.

2.3.1. Precursor systems based on neutral [Rh,(p-di-
thiolato)(cod), ] complexes

Dithiolate-bridged rhodium complexes [Rh,( u-di-
thiolato)(cod), ] in the absence of additional phosphorus

Table 3
Hydroformylation of styrene with neutral [Rh,( u-dithiolatoXcod), ]
complexes

Entry Dithiolato P T t L Conv. iso e.e.
(atm) (°C) (h) (%)’ (%) (%)
1 binas 5 80 24 4PPh, 80 8 -~
2¢ binas 30 80 24 — 77 56 11
3 binas 80 60 6 — 92 91 —
21 97 91 —
4 binas 30 80 3 4PPh; 100 92 —
5* binas 30 60 4 4PPh; 100 92 7
6 binas 80 40 7 10PPh, 88 93 —
7 binas 30 40 20 10PPh; 98 94 —
8 biphes 30 80 24 — 97 52 —
9 biphes 80 60 6 — 80 89 —
24 100 89 —
10 biphes 30 80 48 4PPh, 67 87 —
72 100 86 —
11 biphes 30 60 42 4PPh, 77 93 —
56 100 91 —
12*  biphes 5 80 12 4PPh, 88 76 4
13? biphes 30 80 8 — 53 60 3

Reaction conditions. Solvent: THF; CO/H,: 1/1; substrate /pre-
cursor: 400.

* Enantiomerically pure ligand used.

" Conversion into aldehydes.
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ligand are active catalyst precursors at 30 bar and 80°C
in the hydroformylation of styrene (Table 3). Only
conversion in aldehydes was obtained, and no hydro-
genation or isomerization was observed. In all the ex-
periments performed with enantiopure dithiols, the
branched isomer showed a modest e.e., as determined
by GC on chiral column of the relevant alcohols ob-
tained through LiAlH, reduction. The prevailing an-
tipode always had the S-configuration when R-binas or
R-biphes were used as chiral entertainers.

It is apparent from these results that, in the case of
dithiolate-bridged complexes, the structure of the diaryl
framework has a negligible influence, if any, on the
selectivity of the catalyst. The only significant differ-
ence between these catalysts is observed in the runs
performed at 30atm in the presence of PPh; as a
co-ligand where the binas derivative displays a remark-
ably higher catalytic activity with respect to the biphes
counterpart (cf. entries 4—10 and 5-11). Notably, even
in this case, chemo- and regio-selectivities were practi-
cally identical. This difference in the activity of both
binas and biphes dithiolate systems can be considered as
evidence of the modification of the system by the
dithiolate ligand even at 30 bar of pressure and P /Rh =
2.

2.3.2. Precursor systems based on cationic [Rh{(di-
thioether)(cod)] ™ complexes

Mononuclear cationic rhodium complexes with bi-
nas- and biphes-derived thioethers displayed a high
catalytic activity (Table 4). When preformed complexes
were not available, catalysts were prepared in situ by
adding the appropriate amount of the ligand to a suit-
able Rh-complex, most usually [Rh(cod), ]X (X = Cl1O,
BE, ). This in situ technique was routinely used with
i-propyl thioethers of binas and biphes, which did not
produce easily isolable derivatives upon reaction with
[Rh(cod), X (X = CIO, , BF, ). We confidently assume
that the coordination to the metal precedes hydroformy-
lation because comparable results were obtained with
Me,binas using the two different procedures under oth-
erwise identical conditions and because quite different
chemo- and regio-selectivities were observed when us-
ing plain [Rh(cod),]X (X = Cl1O; , BF, ) with no addi-
tional thioether ligand. These cationic systems are ac-
tive in the absence of PPh, ligand, and one of the
advantages is the possibility of varying the S /Rh ratio
by addition of excess of dithioether ligands. Using
Me,binas, styrene could be hydroformylated at a rea-
sonable rate even at room temperature, affording more
than 80% conversion in 24 h with complete chemoselec-

Table 4
Hydroformylation of styrene with cationic [Rh(dithicether)(cod)]* complexes
Entry Dithioether P (atm) T (°C) t (h) L Conv. (%)° iso (%) e.e. (%)
14¢ Me. binas 30 80 24 — 98 51 6
15 Me, binas 80 80 24 — 91 70 8
16* Me, binas 30 80 24 3Me,binas 90 53 13
17* Me, binas 80 80 24 3Me,binas 100 84 15
18* Me,binas 80 60 24 3Me, binas 100 91 3
19% Me,binas 80 40 3 3Me,binas 60 93 3
' 24 100 94 6
20° Me,binas 80 25 24 3Me, binas 81 96 2
21 Me, binas 30 80 24 2PPh, 99 86 —
22 Me, biphes 30 80 24 — 99 58 —
23 Me,biphes 30 60 16 — 90 92 —
24?2 Me, biphes 30 80 10 3Me, biphes 100 63 3
25° Me, biphes 80 80 8 3Me,biphes 100 83 4
26 Me, biphes 80 40 4 3Me, biphes 95 95 2
27 Me, biphes 30 80 10 2PPh, 97 89 —
28 Me, biphes 30 40 20 2PPh, 60 93 —
29 Me,biphes 30 40 20 5PPh, 62 92 —
30*¢ (iPr),binas 30 80 24 — 96 53 —
3¢ (iPr),binas 80 80 12 3(iPr),binas 100 85 20
322¢ (iPr),binas 80 40 30 3(iPr),binas 93 94 3
33%¢ (iFr),biphes 30 80 24 — 100 52 —
342¢ (ipr)zbiphes 80 80 12 3('1Pr)2biphes 100 84 —
35%¢ (iPr), biphes 80 40 24 3(iPr),biphes 88 95 —
40 100 95 —

Reaction conditions. Solvent: THF; CO/H,: 1 /1; substrate /precursor: 400.

* Enantiomerically pure ligand used.
® Conversion into aldehydes.
° In situ precursor [Rh(cod),]” + dithioether ligand.
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tivity. The share of the branched aldehyde was favor-
ably affected by a decrease of the reaction temperature
and by an increase of the total pressure (cf. entries
17-20 and 16-17). Addition of a three-fold excess of
free ligand also showed a beneficial effect on the forma-
tion of the branched isomer which at 25°C accounted
for 96% of the reaction product and did not change
upon further addition of free ligand up to a ratio of
15:1. This is one of the most favorable branched selec-
tivities recorded in the hydroformylation of styrene with
a rhodium catalyst containing a chiral ligand.

Using enantiopure R-Me,binas as the ligand, prefer-
ential formation of (§)-2-phenylpropanal was observed.
High temperatures, high pressures and excess of free
ligand all favored an improvement of the stereoselectiv-
ity. The effect of the last variable was particularly
pronounced since the e.e. was almost doubled after
addition of 3mol of free ligand (cf. entries 14-16 and
15-17). The enantioselectivities, however, were quite
low and did not exceed 15% e.e. in the best run. It is
important to note that, when using the dithioether lig-
and, a new stereogenic center is formed when the sulfur
ligand is bonded to the rhodium central atom. However,
the presence of different diastereoisomeric species was
not observed in NMR experiments, even those per-
formed at low temperatures.

The e.e. value was increased up to 20% upon intro-
duction on sulfur of i-propyl groups in place of methyl
groups (entry 31). As for the rest, the general behavior
of the Rh-complex with the i-propyl-substituted ligand
was completely comparable with the one containing
Me,binas.

As a general trend, the complexes with the biphes-
derived thioethers displayed comparable chemo- and
regio-selectivities and a slightly higher catalytic activity
than the corresponding binas-based counterparts (Table
4). Stereoselectivity was, however, the most significant
difference between the two sets of catalysts. With
Me,biphes-derived ligands the e.e.s were consistently
lower than with the corresponding Me,binas derivatives
and close to zero. With iPr,biphes the hydroformylation
was completely devoid of stereoselectivity and the
branched aldehyde was always racemic. In all other
respects the two biphes thioethers were quite similar.

As the sulfur in thioethers is considered to be a fairly
weak donor, one may wonder if it could be easily
displaced from the coordination sphere of the metal
when a stronger donor competing for the metal is
present in significant concentration.

Actually, we observed that when triphenylphosphine
is added as a co-ligand, the reaction is no more stereose-
lective, regardless of the thioether ligand. The branched
selectivity, moreover, is not the same as the one ob-
tained in the same reaction without PPh;, and it is
almost identical to one recorded in a blank reaction with
[Rh(cod),]CIO, /PPh, as the in situ catalyst. This fact

suggests that PPh, is able to displace completely the
chelate thioether form coordination to rhodium and that
in this case the actual hydroformylation catalyst is
[RhH(CO) (PPh,),]. Furthermore, the reactivity of
[Rh{cod)(dithioether)]* towards triphenylphosphine has
been studied and the displacement of the dithioether has
been observed.

Increasing CO concentrations may be expected to
exert the same effect on alkyl thioether complexes. Our
experiments, however, do not support this hypothesis.
In fact, competitive experiments, where [Rh(cod), ]JC10,
in the presence of a thioether ligand were employed as
in situ catalysts, resulted in quite different catalytic
activity and regioselectivity. Additionally, as a general
trend, the stereoselectivity of thioether-derived catalysts
increased upon increasing the CO pressure. These re-
sults support the view that chelate thioether sulfur donors
are not displaced by carbon monoxide even when it is
present in high concentrations.

In summary, these results point out that the axially
chiral biphes structure is not more efficient than the less
expanded binas and that atropisomeric sulfur donor
ligands, although providing high efficient hydroformyla-
tion catalysts, are not the most appropriate chiral induc-
ers for this process.

3. Experimental

All syntheses of rhodium complexes were performed
using standard Schlenk techniques under a nitrogen
atmosphere. Solvents were distilled and deoxygenated
before use. The complexes [{M( u-OMe)cod)},] (M =
Rh, Ir), [Rh{cod),]ClO, and the ligands 1,1-binaph-
thalene-2,2'-dithiol, 4,4’-biphenanthrene-3,3'-dithiol
were prepared using literature methods [17,18,9]. Phos-
phorus reactants were of commercial origin and used
without further purification. Tris(o-rtert-
(butylphenyl)phosphite was prepared as previously de-
scribed [19]. All other reagents were commercial sam-
ples and were used as-purchased. Infrared spectra (KBr
pellets or solution) were obtained using a Nicolet 5ZDX
spectrophotometer. Elemental analyses were Performed
on a Carlo Erba microanalyzer. 'H and °C NMR
spectra were recorded on a Varian 300 MHz spectro-
photometer, chemical shifts being quoted in parts per
million downfield from internal SiMe,. *'P NMR spec-
tra were obtained on the same equipment, using external
H, PO, as reference. Gas chromatographic analyses were
carried out on a Hewlett-Packard Model 5890, a gas
chromatograph with flame ionization detector using a
25m capillary column (Ultra 2). Enantiomeric excesses
were measured by GC on the same equipment using a
50m capillary column (FS-Cyclodex p-1/P). Hydro-
formylation experiments were carried out in an auto-
clave with magnetic stirring.
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3.1. Standard catalysis experiment

A solution of the substrate (20 mmol), the catalyst
precursor (0.1 mmol) and the phosphorus compound in
15 ml of the anhydrous tetrahydrofuran were introduced
into the evacuated autoclave. The gas mixture was
introduced and the system was heated. When thermal
equilibrium was reached, stirring was initiated. After the
reaction time, the autoclave was cooled to room temper-
ature and depressurized. Conversion and regioselectivi-
ties were determined by GC analysis of crude samples
without the addition of any external standard. Enan-
tiomeric excesses were measured by GC with a chiral
column on the alcohols obtained by reduction of the
product aldehydes.

4. Preparations
4.1. [(Rh,( u-biphes)cod),}n] (n=25,n=16)

The compound H,biphes (52.6 mg, 0.126 mmol) was
added to a solution of [{Rh( u-OMeXcod)},] (60mg,
0.124 mmol) in dichloromethane. The yellow solution
became red. After stirring at room temperature for
10 min, methanol was added to give an orange precipi-
tate of [{Rh,( u-biphes)Xcod),},] 5§ which was filtered
off and dried in vacuo (72.8 mg, 70% yield). (Found: C,
64.7; H, 4.5; S, 7.8. Calc. for C44H40Rh S,: C, 63.0,
H, 48; S, 7.6) NMR (CDCL,): 'H, 5820 (d, 2H,
J=825Hz, ArH); 7.80 (d, 2H, J=8.34Hz, ArH);
7.51 (d, 2H, J=28.58Hz, ArH); 7.32 (d, 2H, J=
7.98 Hz, ArH); 7.29 (d, 2H, J = 8.49Hz, ArH), 6.98 (t,
2H, J = 7.38 Hz, ArH); 6.61 (t, 2H, J = 7.05Hz, ArH);
5.95 (d, 2H, J=8.79Hz, ArH); 4.49 (br, m, 4H, CH
cod); 4.15 (br, m, 4H, CH cod); 2.21 (br, m, 8H, CH,
cod: “CUH). 81336, 1276, 1266, 1265, 126.2,
126.1, 125.1, 124.3 (Ar); 78.9 (CH cod); 79.3 (CH,
cod); 33.3 (CH, cod); 294 (CH, cod). M, 16774
(1547 by osmometry in CH,Cl, at 25°C).

After separating of the orange complex, the solvent
of the resulting solution was evaporated under reduced
pressure to 3cm’. After cooling the flask in ice the red
product [Rh,( u-biphes)(cod),] 6 was obtained, filtered
off, washed with methanol and vacuum dried (23.0 mg,
22% yield). X-ray-quality crystals were grown by cool-
ing to —20°C a dichloromethane solution of 6.

4.2. [{Ir,( p-biphes)(cod), Inl - nCH,Cl, 7

The ligand H,biphes (19.0mg, 0.045mmol) was
added to a solution of [{Ir{ u-OMe)(cod)},] (30mg,
0.045 mmol) in dichloromethane. The yellow solution
became red. After stirring at room temperature for
10 min, methanol was added to give a dark red precipi-
tate of [{Ir,( u-biphes)cod),},]: nCH,Cl, 7 which was

filtered off and dried in vacuo (29.8 mg, 65% yield).
(Found: C, 49.8; H, 39; S, 54. Calc. for
CisH,CLINS,: €, 490: H, 38 S, 58) NMR
(CDC13): H, §7.68 (d, 2H, J=8.15Hz, ArH); 7.48
(d, 2H, J="7.51Hz, ArH); 7.26 (d, 2H, J = 8.12 Hz,
ArH); 7.26 (m, 4H, ArH); 7.19 (m, 2H, ArH), 7.00 (m,
2H, ArH); 6.79 (m, 4H, ArH); 4.21 (m, 4H, CH cod);
2.00 (m, 8H, CH, cod); 1.83 (m, 8H, CH, cod);
13C{ H}, 8133.1, 1302, 1273, 126.7, 126.2, 125.5,
125.4, 124.1 (Ar), 68.3 (CH cod); 66.4 (CH, cod); 34.0
(CH, cod); 30.9 (CH, cod).

4.3. [Ir,( u-binas)(cod), | 8

The compound H,binas (29.0 mg, 0.09 mmol) was
added to a solution of [{Ir{ u-OMe)cod)},] (60 mg,
0.09 mmol) in dichloromethane. The yellow solution
became red. After stirring at room temperature for
10 min, the resulting solution was evaporated under
reduced pressure to 3 cm®. After cooling the flask in ice,
addition of methanol gave the dark red solid [Ir,{ p-bi-
nas)(cod),] 8 which was then filtered off, washed with
methanol and vacuum dried (52.1mg, 63% yield).
(Found: C. 46.9; H, 3.8: S, 6.9. Calc. for C o H IS,
C, 47.1, H, 3.9, S, 7.0.) NMR (CDCl,): 'H, §7.64 (d,
2H, J = 7.77Hz, ArH); 749 (d, 2H, J = 8.79 Hz, ArH);
739 (d, 2H, J=8.79Hz, ArH); 7.18 (t, 2H, J=
7.77Hz, ArH); 6.99 (t, 2H, J =7.92Hz, ArH), 6.52 (d,
2H, J = 8.43 Hz, ArH); 4.06 (m, 4H, CH cod); 3.55 (m,
4H, CH cod); 1.98 (m, 8H, CH, cod); 1.79 (m, 8H,
CH, cod); "C{'H}, 5 130.1, 129.2, 127.4, 127.0, 125.5,
124. 5 (Ar); 67.0 (CH cod); 65.0 (CH, cod); 33.8 (CH,
cod); 31.0 (CH, cod).

4.4. [Rh,( u-biphesCO),] 9

Carbon monoxide was bubbled through a solution of
{Rh,( u-biphes)cod),}, ] (n = 1,2) (60mg, 0.072 mmol
(n=1); 0.036mmol (n=2)) in dichloromethane for
10min. The initial red solution darkened. Adding
methanol gave a dark red precipitate which was filtered
off, washed with methanol and dried in vacuo (51 mg,
97% vyield). (Found: C, 52.0; H, 24, S, 7.2. Calc. for
C;,H O, Rh S,: C, 523; H, 22; S, 8.7.) NMR
(CDCl,): 'H, 58.1-6.5 (br, ArH); “C{'H}, & 185-182
(CO), 131-125 (Ar); IR (KBr): 2074m, 2058s and
2009s, (CH,Cl,): 2076m, 2061s and 2014scm™'. M,
734.4 (891 by osmometry in CH,Cl, at 25°C).

4.5. [{Rh,( u-biphes)(COJ,(PPh;),1,1- 2CH,CL, 10

Slightly more (10%) than the stoichiometric amount
of triphenylphosphine (47 mg, 0.18 mmol) was added to
a solution of [Rh,( u-biphes)(CO), (60 mg, 0.08 mmol)
in dichloromethane (5cm?). The resulting solution was
stirred for 10 min, filtered off and the filtrate reduced to
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0.5cm® under vacuum. Addition of 5cm® of methanol
caused precipitation of a brown solid which was filtered
off, washed with cold methanol and dried under vacuum
(81.8mg, 85% yield). (Found: C, 62.7; H, 3.8; S, 5.0.
Calc. for C(;H,Cl1,0,P,Rh,S,: C, 62.5; H, 3.7; S,
50.) NMR (CDCI,): Spih). 5454 (d Jo g =
174 Hz); IR (KBr): 1975s; (CH,Cl,): 1979scm ™', M,
2406 (2231 by osmometry in CH Cl at 25°C).

r

4.6. [{Rh,(u-biphes)(CO),[P(CsH,, ) 1,/,]1 - CH,CI,
11

Slightly more (10%) than the stoichiometric amount
of tricyclohexylphosphine (50.4mg, 0.18 mmol) was
added to a solution of [Rh,( u-biphes}CO),] (60 mg,
0.08 mmol) in dichloromethane (5cm?). The resulting
solution was stirred for 20min, filtered off and the
filtrate reduced to 0.5cm’® under vacuum. Addition of
5cm’ of methanol caused precipitation of a brown solid
which was collected by filtration, washed with cold
methanol and dried under vacuum (89.0 mg, 90% yield).
(Found: C, 62.6; H, 6.5, S, 4.9. Calc. for
Cq sHy,ClO,P, R0, S, C, 62.8; H, 6.5; S, 5.0) NMR
(cDcl,): *'p{’ H} 5 35.52 (d, Jo_g, = 124Hz), 36.98
(d, Jp_g,=118Hz); IR (KBr): 1992s, 1963m and
1948m; (CH,Cl,): 1992m, 1964m and 1949scm™'. M,
2477 (2342 by osmometry in CH,Cl, at 25°C).

4.7. [{Rh,( u-biphesXCO),[P-(OC,H, Bu'-0),]},] -
CH,Cl, 12

Tris( o-tert-butyl-phenyl)phosphite) (43 mg,
0.09 mmol) was added to a solution of [Rh,(pu-
biphesXCO),] (30mg, 0.04 mmol) in dichloromethane
(5cm?®) at a P:Rh ratio of 5:1. The resulting solution
was stirred for 30min, filtered off and the filtrate
reduced to 0.5 cm® under vacuum. Addition of 5cm’® of
methanol caused precipitation of a brown solid which
was filtered off, washed with cold methanol and dried
under vacuum (42.1 mg, 88.6% yield). (Found: C, 60.3;
H, 4.6; S, 5.5. Calc. for C615H563CIO PRh,S,: C, 60.2;
H, 4.6, S, 5.2.) NMR (C.D,): *'P('H} 5119 (br); IR
(KBr); 2075m, 2059s and 2007s; (CH,Cl,); 2076m,
2060s and 2010scm™!.

4.8. [Rh(cod)(Me, biphes)ICIO, - CH,Cl, 13

To a solution of [Rh(cod), IC10, (40 mg, 0.096 mmol)
in dichloromethane (5cm?®) was added the stoichiomet-
ric amount of Me,biphes (42.8 mg, 0.096 mmol). The
orange solution became yellow. After stirring at room
temperature for 10 min, methanol was added to give a
yellow precipitate of 13 which was filtered off and dried
under vacuum (64 mg, 88% yield). (Found: C, 54.2; H,
4.3; S, 7.8. Calc. for C4H,,Cl;0,RbES,: C, 55.4 H,
43; S, 7.8.) NMR (CDCl,): 'H, 88.10 (d, 2H, ArH);

7.85 (d, 2H, ArH); 7.83 (m, 2H, ArH); 7.80 (d, 2H,
ArH); 7.77 (d, 2H, ArH); 7.65 (d, 2H, ArH); 7.33 (t,
2H, ArH); 6.86 (t, 2H, ArH); 4.22 (br, m, 4H, CH cod);
3.75 (br, m, 2H, CH cod); 2.50 (br, m, 4H, CH, cod);
2.24 (s, 3H, CH,); 1.75 (br, m, 4H, CH, cod); Se( H),
5133.5, 1209, 128.6, 127.7, 127.1, 126.4, 126.2, 125.9,
125.6, 123.8 (Ar); 78.8 (CH cod); 78.6 (CH, cod); 30.9
(CH, cod); 16.1 (CH,).

5. Crystallography

Suitable crystals of the complex 6 were grown from
a dichloromethane solution cooled to —20°C and
mounted on a glass fiber.

5.1. Crystal data

Compound 6: Rh,S,C,H,. M =838.70, mono-
clinic, a = 10.95(6), b 26.87(6), ¢ = 12. 68(6) A, B =
103. 12(6)° U =3633.3A%, space group P2,/c (no.
14), Z=4, D,=1533gcm™°, F(OOO)—1704 Dark
red, crystal dimensions 0.2 X 0.2 X 0.1 mm?,
wMoKa) = 10.54cm™".

5.2. Data collection and processing

The data collection and processing were performed at
room temperature on a Mar Research image plate scan-
ner; graphite-monochromated MoKa radiation was
used to measure 95 2° frames, 180s per frame.

5.3. Structure analysis and refinement

The xDs package was used to give 5842 unique
reflections (merging R = 0.0587). The heavy atoms
were found from the Patterson map using the SHELX86
program [20] and refined subsequently from successive
difference Fourier maps using SHELXL [21] by full-ma-
trix least squares of 515 vanables, to a final R-factor of
0.065 for 5713 reflections with [F,]1>4c(F,). All
atoms were revealed by the Fourier map difference.
Non-hydrogen atoms were refined anisotropically. Hy-
drogen atoms were placed geometrically, cod hydrogen
atoms were refined with a fixed isotropic atomic dis-
placement parameter and the aromatic ones were refined
isotropically. R values: R, =0.0652 ([F,]> 40(F)),
for 5713 reflections); R, =0.0867 (all data). The
weighting scheme w = 1/[c?(F?) +(0.0276 X P)* +
28.38 X P] where P =[Max(F} + 2F?)/3] with o (F,)
from counting statistics gave satisfactory agreement
analyses. Largest difference peak and hole in the final
difference map: 0.819 and —0.920e™ A~3. Data collec-
tion parameters including R, ([F,]> 4a'(F )) and R,
(all data) values are surnman'zed in Table 2. Additional
material available from the Cambridge Crystallographic
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Data Centre comprises H-atom coordinates, thermal pa-
rameters and remaining bond lengths and angles.
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