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A series of novel chiral thioether-phosphite ligands derived from 1,2-O-isopropylidenexy-
lofuranose have been synthesized. Reaction of these chiral ligands with [M(cod),]BF, (M =
Ir, Rh; cod = 1,5-cyclooctadiene) yielded the complexes [M(cod)(P—S)]BF, 10—15. The addition
of H; to iridium complexes 12—15 gave the cis-dihydridoiridium(l11) complexes [IrHz(cod)-
(P—S)]BF4 19—21, which are present in only one diastereoisomeric form. Iridium complexes
are active in the hydrogenation of itaconic acid and produce enantioselectivities of up to
51% under atmospheric pressure. They have also been tested in the Rh-catalyzed hydro-
formylation of styrene. We discuss hydroformylation results according to the solution
structure of the species formed under hydroformylation conditions.

Introduction

Chiral chelating ligands are widely employed in
transition metal-catalyzed reactions.! Although the use
of numerous chiral diphosphines has been successfully
reported,’? the design and synthesis of new chiral
ligands is still a research subject of great significance
in the field of asymmetric catalysis.

In the past few years, chiral bidentate ligands in
which only one of the donor atoms is phosphorus have
been of great interest with proven advantages in some
cases. The advantage of these mixed ligands can be
explained by the lack of symmetry of the intermediates
in a catalytic cycle. Consequently, two electronically
different donor atoms can match the two different
coordination sites better and therefore influence both
the stability and reactivity of the intermediates. While
mixed (P,0)-2 and (P,N)*-donor ligands have been widely
applied in enantioselective catalysis, chiral (P,S)-donor
ligands have been less studied,® although remarkable
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results in asymmetric allylic alkylation>@ghk and hy-
drosilylation of ketones® have been obtained with this
type of ligand.

Most P,S-ligands applied in asymmetric catalysis
contain phosphine and thioether moieties, although
other combinations such as phosphinite and thioether
have also been reported.5dfk Usually, chirality is exclu-
sively associated with the sulfur moiety. To our knowl-
edge, ligands containing both thioether and phosphite
have never been used in asymmetric catalysis, although
the potential utility of diphosphite and dithioether
ligands in asymmetric catalysis is well-known. Diphos-
phites are particularly well suited for enantioselective
hydroformylation® and the hydrogenation of acrylic acid
derivatives.” Moreover, good results have been obtained
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Scheme 1. Preparation of Thioether-Phosphite Ligands
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using iridium cationic complexes containing dithioether
ligands in the asymmetric hydrogenation under mild
conditions.® Dithioethers have also been used in the
asymmetric hydroformylation of styrene, but enantio-
meric excesses were low.?

In the last few decades, carbohydrates have been
widely used in asymmetric synthesis.1® Nevertheless,
their full potential in providing chiral ligands has hardly
been studied.!! As far as we know, only Vasella et al.,52
and more recently Pregosin et al.,>4%9 have reported the
coordination chemistry and use of sugar derivative P,S-
ligands in asymmetric catalysis. Oehme et al.>¢ have
also described a P,S-ligand derived from carbohydrates,
but their use in asymmetric catalysis has not been
reported.

In this paper, we report the synthesis of novel
thioether-phosphite ligands derived from carbohydrates,
the chirality of which is associated with the phosphite-
thioether backbone, their Rh(l) and Ir(l) complexes, and
the use of these new ligands in the asymmetric Rh-
catalyzed hydroformylation and Ir-catalyzed hydrogena-
tion of olefins. Hydroformylation results are discussed
according to the solution structure of the species formed
under hydroformylation conditions. We also describe the
reactivity of Ir(l) complexes toward H; and the solution
structures for the hydridoiridium(l11) complexes formed.

(8) (a) Diéguez, M.; Orejon, A.; Madeu-Bultd, A. M.; Echarri, R,;
Castillon, S.; Claver, C.; Ruiz, A. 3. Chem. Soc., Dalton Trans. 1997,
4611. (b) Diéguez, M.; Ruiz, A.; Claver, C.; Pereira, M. M.; Rocha
Gonsalves, A. M. d’A. J. Chem. Soc., Dalton Trans. 1998, 3517. (c)
Pamies, O.; Diéguez, M.; Net, G.; Ruiz, A.; Claver, C. J. Chem. Soc.,
Dalton Trans. 1999, 3439.

(9) (@) Ruiz, N.; Aaliti, A.; Forniés, J.; Ruiz, A.; Claver, C.; Cardin,
C. J.; Fabbri, D.; Gladiali, S. 3. Organomet. Chem. 1997, 79, 545. (b)
Orejon, A.; Masdeu-Bulto, A. M.; Echarri, R.; Diéeguez, M.; Forniés-
Camer, J.; Claver, C.; Cardin, C. J. J. Organomet. Chem. 1998, 559,
23.

(10) (a) Morrison, J. D.; Scott, J. W. Asymmetric Synthesis; Academic
Press: San Diego, 1984; Vol. 4. (b) Penne, J. S. Chiral Auxiliaries and
Ligands in Asymmetric Synthesis; John Wiley & Sons: New York,
1995.

(11) (a) Brunner, H.; Zettimeier, W. Handbook of Enantioselective
Catalysis; VCH: Weinheim, 1993. (b) RajanBabu, T. V.; Casalnuovo,
A. L. Pure Appl. Chem. 1994, 66, 1535. (c) Buisman, G. J. H.; Martin,
M. E.; Vos, E. J.; Klootwijk, A.; Kamer, P. C. J.; van Leeuwen, P. W.
N. M. Tetrahedron: Asymmetry 1995, 6, 719. (d) Beller, M.; Krauter,
J. G. E.; Zapf, A. Angew. Chem., Int. Ed. Engl. 1997, 36, 772. (e) Reetz,
M. T.; Waldvogel, S. R. Angew. Chem., Int. Ed. Engl. 1997, 36, 865. (f)
Kadyrov, R.; Heller, D. Selke, R. Tetrahedron: Asymmetry 1998, 9,
329. (g) RajanBabu, T. V.; Radetich, B.; You, K. K.; Ayers, T. A;
Casalnuovo, A. L.; Calabrese, J. C. J. Org. Chem. 1999, 64, 3429.

RS

OH, RSH / NaH OH,
Cf THF L:(
0 o}
o/ o
3 R=Me
4 R=iPr
5 R=Ph

Results and Discussion

Synthesis of Thioether-Phosphite Ligands

The new thioether-phosphite ligands 7—9 were ac-
cessible from 1,2-O-isopropylidene-a-p-xylofuranose 1
(Scheme 1). Compound 1 was converted into monotri-
flate 2 by adding triflic anhydride and pyridine to a
dichloromethane solution of 1. Triflate 2 was isolated
as a white solid and characterized by NMR spectroscopy.
The 13C NMR spectrum showed a quadruplet at 118.1
ppm (1Jc—¢ = 324 Hz), which confirms the presence of
the triflate group. Treating compound 2 with NaH and
methanethiol, 2-propanethiol, or benzenethiol at —78
°C afforded the corresponding thioethers 3, 4, and 5,
which are stable to air at room temperature.

The desired thioether phosphite ligands 7—9 were
obtained from the corresponding thioether 3—5 and
(3,3',5,5'-tetra-tert-butyl-1,1'-biphenyl-2,2'-diyl)phospho-
rochloridite 6 in the presence of base. Compounds 7—9
were isolated in moderate yields (50%) as white solids
by purification on neutral silica gel under an atmo-
sphere of argon. They are stable at room temperature
and very stable to hydrolysis. The 'H and 13C NMR
spectra agree with those expected for these C; ligands.
One singlet was observed in the 3P NMR spectrum.
Rapid ring inversions (atropoisomerization) in the bisphe-
nol-phosphorus moieties occurred on the NMR time
scale since the expected diastereoisomers were not
detected by low-temperature phosphorus NMR.12

Synthesis of Olefinic Complexes. The reaction of
the corresponding chiral thioether-phosphite ligands
7—9 with [M(cod);]BF4 (M = Rh, Ir) in dichloromethane
solution proceeded with the displacement of one mol-
ecule of 1,5-cyclooctadiene ligand to afford the cationic
mononuclear complexes [M(cod)(P—S)]BF,4 (Scheme 2).
The olefinic complexes 10—15 were isolated by precipi-
tation with hexane as air-stable solids. These complexes
are also stable in solution. The complexes were char-
acterized by elemental analysis, FT-IR, 1H, 13C, and 3P
NMR spectroscopy, and FAB mass spectrometry (see
Experimental Section).

As expected for C;-symmetrical complexes, the 13C
NMR spectra of complexes 10—13 and 15 showed four

(12) Pastor, D. D.; Shum, S. P.; Rodebaugh, R. K.; Debellis, A. D.;
Clarke, F. H. Helv. Chim. Acta 1993, 76, 900.
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Scheme 2. Synthesis of Rh and Ir Olefinic
Complexes
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signals for the methylenic carbon atoms and four signals
for the olefinic carbon atoms of the coordinated cyclooc-
tadiene. For compound 14, only two broad signals for
methylenic carbons have been observed. Two of the four
signals of the olefinic carbons of the cyclooctadiene, i.e.,
those located trans to the sulfur atom, appear high-field
shifted.>d

In the 'H NMR spectra of complexes 10—15, the eight
methylenic protons appeared as a unique broad signal.
This phenomenon has also been reported for related
asymmetric compounds with a similar ligand backbone.”™
The 'H NMR spectra are in agreement with the ex-
pected coordinated pattern for the xylofuranoside pro-
tons. The thioether signals are significantly more down-
field shifted than the free ligands, which agrees with
the coordination of the thioether to the metal center.®

The ambient-temperature 3P NMR spectra for the
rhodium complexes 10—12 showed one sharp doublet
due to the 103Rh coupling. Iridium complexes 13—15
showed one sharp signal. When the temperature was
lowered, the presence of two sets of signals in the 3P
NMR spectra has been observed in different proportions
for complexes 11, 12, 14, and 15. These results are
consistent with the presence of two isomeric forms in
fast exchange on the NMR time scale at room temper-
ature for these complexes. These different isomers may
be attributed to the two possible diastereoisomers
formed when the thioether coordinates to the metal
atom (note that the coordinated S atom is a stereogenic
center), to different conformers for the seven-membered
chelate ring, or to both.

Molecular mechanics calculations were performed for
complexes 11, 12, 14, and 15. Two different diastereoi-
somers, which differ in the configuration of the sulfur
atom and in the conformation of the seven-membered
chelate ring, were minimized for each complex. For all
complexes, the most stable diastereocisomer has its
thioether group in an axial position with an R config-
uration for the sulfur atom, and the chelate ring is in a
twist-boat conformation. The less stable diastereoiso-
mers have a boat conformation for the chelate ring and
the thioether group is in equatorial position with the
sulfur in an S configuration.

The rate constants (k) for the fluxional process have
been determined from the observed and calculated
variable-temperature 3P NMR spectra of complexes 11,
12, 14, and 15.

The enthalpies of activation (AH*) and entropies of
activation (AS¥) were calculated from the Eyring equa-
tion!2 and the Eyring plots,* while Gibbs free energies

(13) (a) The assumption is used that AH* and AS* are constant over
the temperature range (293—203 K) employed. (b) Eyring equation:
kT—1 = kgh—1eAS"Re~AHRT \yith kg = 1.38 x 10723 J K- and h = 6.63
x 1073 J s.
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Table 1. Thermodynamic Data Obtained from VT
31P NMR Spectroscopy

complex AH* (kJ mol™t) AS*(J K™t mol™1) AG*;73k (kJ mol1)

11 37.4+4.0 274 +£49 29.9+4.6
12 31.9+3.2 258 +£5.1 248 +45
14 38.7+ 4.3 28.6 £ 6.2 309451
15 32.6 +£3.7 26.4+58 254+ 4.8

(AG*) of activation were also calculated from the equa-
tion AG* = AH¥ — TAS* (Table 1). The small values
calculated for the entropy of activation are characteristic
of an intramolecular rearrangement process and make
AG* relatively insensitive to temperature changes.5¢
From these values we can conclude that, for this
fluxional process, complexes 11 and 14 show a higher
energy barrier than complexes 12 and 15.

Asymmetric Hydroformylation of Styrene. Thio-
ether-phosphite ligands 7—9 were tested in the rhodium-
catalyzed asymmetric hydroformylation of styrene. The
catalysts were prepared in situ for 16 h by adding the
corresponding thioether-phosphite to [Rh(acac)(CO);] as
catalyst precursor (acac = acetylacetonate, T = 313 K,
P = 5 and 25 bar of syn gas, toluene as a solvent).tcd
Excess ligand was always added to avoid the formation
of achiral active species HRh(CO),4.1> Good conversions
(>99% in 5 h) and excellent regioselectivities in 2-phe-
nylpropanal (94%) but practically null enantiomeric
excesses were found for all ligands.

Solution Structure of the Species Formed dur-
ing the Reaction of [Rh(acac)(CO),] with 7 under
Hydroformylation Conditions. High-pressure spec-
troscopic studies have revealed that Rh-thiolate-based
catalyst precursors evolve under hydroformylation con-
ditions to form thiolate-free mononuclear rhodium
catalysts.’®17 With chiral Rh-dithioether systems the
low enantioselectivities have been attributed to the
formation of an unfavorable mixture of diastereoiso-
mers.18 However, the presence of the dithioether ligand
coordinated to rhodium during all the intermediates of
the catalytic cycle has been questioned. Recent studies
in our group?® suggested the presence of dithioether-
free mononuclear rhodium catalysts. Nevertheless, no
spectroscopic evidence has been reported. In this con-
text, an important question is the role of the chiral
thioether moiety in the Rh-thioether systems. Phos-
phite-thioether ligands used in this work offer the
possibility of using 3P NMR spectroscopy to answer this
guestion.

To obtain information about the intermediate species
formed during the hydroformylation process, we made
a spectroscopic study of the solutions produced when 5
and 25 bar of syn gas were added to a solution of [Rh-
(acac)(C0O),]/7 in toluene-dg in two different P—S/Rh
ratios: (a) P—S/Rh = 1.1 and (b) P—S/Rh = 2.
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Table 2. Selected NMR Data of the Species
Formed in the Reaction of [Rh(acac)(CO),]/7 with
CO/H32
3lp{1H} 1H
complex 1 Jrh-p (HZ)  Ome-s OH Jp-H (H2)
16 154.3(8) 208.8 2.14(8) -9.63(33) 76.0

17 1546(17) 2405 2.11(17) —9.84%67)
18b  143.8(75) 194 2.62¢ (75)

a Experimental relative abundance in parentheses. ®? Jp_p = 5.5
Hz; 1Jrn—rn = 286.6 Hz. ¢ Broad signal.

The 3'P{'H} NMR spectrum of solution (a) shows
three sets of signals at 154.3, 154.6, and 143.8 ppm at
a ratio of 8:17:75 (Table 2). The *H NMR of solution (a)
shows three sets of signals, in the low-field region, for
the SMe protons at a ratio of 8:17:75, and in the high-
field region there are two hydride signals at a ratio of
33:67 (Table 2). The 31P{'H} NMR spectrum of solution
(b) shows signals only at 154.6 and 143.8 ppm. In the
hydride region of the 'H NMR spectrum of solution (b)
only the broad signal at —9.84 ppm is observed, which
could not be resolved by lowering the temperature.

The phosphorus signal at 143.8 ppm (Figure 1a)
exhibits a complex pattern typical for an AA’XX' spin
system. Simulation for this species (Figure 1b) proves
that the two phosphorus atoms are chemically equiva-
lent on the NMR time scale at 40 °C. In the H NMR
spectrum the MeS protons appear at 2.62 ppm as a
broad band, which indicates that the thioether groups
are coordinated to the rhodium atoms.? These NMR data
are consistent for an inactive dimeric species 18 (Scheme
3, Table 2).16 Surprisingly the rhodium—rhodium cou-
pling constant (!Jrn—rn = 286.6 Hz) is larger than with
the related carbonyl diphosphine and diphosphite dimers
[Rh2(CO)s—xLy] reported in the literature.’® It has been
reported that under synthesis gas atmosphere these
dimer complexes are in equilibrium with the monomeric
rhodium hydride complexes (see below), the position of
which depends on the hydrogen concentration, and can
be shifted to the dinuclear species by increasing the CO/
H, ratio.'® For further information about this species,
we recorded the FT-IR spectrum of the final solution
under atmospheric conditions (after depressurization,
at a ratio CO/H, = 4, where the 3P NMR shows only
the signal at 143.8 ppm). This shows several strong
bands in the bridging carbonyl (1799 and 1832 cm™1)
and terminal carbonyl (2008 and 2020 cm~1) regions.
This is in agreement with the nature of species 18.16

The 3P doublet at 154.3 ppm (1Jrpn—p = 208.8 Hz) and
the hydride signal at —9.63 ppm (3Jp_n = 76 Hz) were
attributed to the mononuclear hydride-rhodium complex
16 (Scheme 3). Small cis phosphorus—hydride coupling
constants (between 1 and 30 Hz) are reported in
[HRhPP(CO),] complexes with bisequatorially coordi-
nating diphosphite ligands.6¢d In contrast, relatively
large phosphorus—hydride coupling constants are found
for fluxional [HRh{P(OCH;);CPr"},] and [HRh{P-
(OC;,Hp5)s} 4] complexes in the slow exchange. The trans
relationship is responsible for the large 2Jpax—n (152 and
179, respectively) found for these complexes.?’ The
intermediate phosphorus—hydride coupling constant for

(20) (a) Hyde, E. M.; Swain, J. R.; Verkade, J. G.; Meakin, P. J.
Chem. Soc., Dalton Trans. 1976, 1169. (b) Meakin, P.; Muetterties, E.
L.; Jesson, J. P. 3. Am. Chem. Soc. 1972, 94, 5271.
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Figure 1. Observed (a) and calculated (b) 121.4 MHz 31P-
{*H} NMR spectra for species 17 at 40 °C.

complex 16 (Table 2) suggests a time-averaged cis—
trans relationship between the phosphorus and hydride
nuclei. It is important to note that the methyl protons
of the thioether group appear more high-field shifted
(Table 2) than the coordinated ones and are very similar
to the corresponding protons in the free ligand 7, which
indicates that the thioether is replaced by CO and
agrees with the nature of species 16.

The phosphorus doublet at 154.6 ppm (!Jrn—p = 240.5
Hz) and the hydride signal at —9.84 ppm were at-
tributed to the mononuclear species 17. The fact that
there is only one doublet for this AA'X spin system in
the 3P NMR spectra indicates a rapid exchange be-
tween both monodentate ligands. The average rhodium—
phosphorus coupling constant of 240.5 Hz is character-
istic of bisequatorially diphosphite [HRh(CO),(PP)]
complexes.bcd1ic Also the methyl protons of the thioether
group appear more high-field shifted than the coordi-
nated ones, which indicates that the thioether is re-
placed by CO and agrees with the nature of species 17.

In summary, these HP NMR results show that under
hydroformylation conditions the thioether moiety is not
coordinated to rhodium in the mononuclear hydride-
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rhodium complexes. This could explain the low enan-
tiomeric excesses obtained with thioether systems.%9

Synthesis of cis-Dihydridoiridium Complexes.
Bubbling H; at 0 °C through CD,ClI; solutions of Ir(l)
complexes 13—15 afforded the corresponding cis-dihy-
dridoolefin species 19—21 in quantitative yield. (Scheme
4).

These complexes were isolated by precipitation with
hexane as pale yellow moderately air-stable solids. They
were characterized by elemental analysis, IR spectros-
copy, and 1H, 13C, and 3P NMR spectroscopy. The FT-
IR spectra in KBr pellets show the two expected
asymmetric absorption bands vy (see Experimental
Section) for a cis-dihydridoiridium(Il1) compound.82!

(21) Rodriguez, J. C.; Claver, C.; Ruiz, A. J. Organomet. Chem. 1985,
293, 115.
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The nature of these hydrido ligands was confirmed by
measuring Timin With H relaxation rates.?? For all
complexes the hydride resonances have Timin Values of
around 300 ms in CD,Cl, at —70 °C and 300 MHz,
which are consistent with classical hydrides.??

The 31P{1H} NMR spectra consist of one sharp signal
for these complexes, which do not show any splitting
when the temperature is lowered to —90 °C and raised
to 40 °C.

In the high-field region of the 'TH NMR spectra of the
CD,Cl, solutions of 19—21 there are two doublets due
to 3P coupling. The phosphorus—hydride coupling
constants are in agreement with a structure in which
the phosphorus atom is located trans to one hydride,
and there is no interconversion between the two hydride
atoms.??

The expected NMR pattern for the furanoside nucleus
has been observed (Table 3).

The shapes of the 'H and the 13C NMR spectra for
all the complexes do not change when their solutions
are cooled to —90 °C. In particular, hydride, methyl,
isopropyl, and phenyl resonances do not split, which
indicates that only one diastereoisomer is present.

In the 2D-NOESY spectrum of complex 19 there is
close contact between the H-9 and the methyl protons
of the MeS group, which is consistent with an equatorial

(22) Crabtree, R. H. The Organometallic Chemistry of the Transition
Metals; John Wiley & Sons: New York, 1998.

(23) Halg, W. J.; Ohrstrom, L. R.; Ruegger, H.; Venanzi, L. M. Magn.
Reson. 1993, 31, 677.
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Table 3. Selected 'H and 3C NMR Data for cis-Dihydridoiridium Complexes 19—212

19 20 21
position H 1BC H 18c H e
1 5.83 (d) 104.9 5.81 (d) 105.2 5.77 (d) 104.9
3J1—2 =3.3 3J1—2 =3.3 3.]1-2 =3.6
2 4.73 (d) 84.0 (d) 4.66 (d) 83.7 (d) 4.73 (d) 84.0 (d)
SJP7C: 6.1 3JP7C= 6.9 3JP*C= 7.5
3 5.26 (dd) 80.0 5.15 (d) 80.5 5.30(dd) 81.1
3J37p =117 3J37p =13.2 3J37p =10.8
3‘]374 =21 33374 =1.8
4 4.67 (ddd) 75.8 4.63 (m) 78.1 4.55 (m) 76.4
5 3.93 (dd) 28.5 4.07 (dd) 31.9 4.01 (dd) 317
3‘]574 =3.3 3\]574 =1.8 3\]574 =21
2Js-5 =13.8 2Js_5 =14.7 2Js_5=15
5 3.08 (dd) 3.00 (dd) 3.21 (dd)
335'74 =10.8 3J5'74 =147 3‘]5'74 =117
6 113.7 113.4 113.6
7 1.11 (s) 26.4 1.13 (s) 26.0 1.24 (s) 26.5
8 1.32 (s) 26.9 1.36 (s) 26.3 1.38 (s) 26.7
9 —13.34 (d) ~13.21 (d) ~12.95 (d)
2J9-p=19.5 2J9-p=18.3 2Jo-p=18.9
10 —14.09 (d) —14.18 (d) -13.91 (d)
ngfp =9 2Jgfp =6 2Jgfp =99
11 4.30 (m) 96.3 (d) 3.95 (m) 95.8 (d) 4.21 (m) 96.1(d)
Jp-c=12.1 Jp-c=119 Jp-c=12.0
12 5.42 (m) 89.3 (d) 5.43 (m) 87.7 (d) 5.39 (M) 92.2 (d)
prc: 19.9 prc: 20.5 pr(;: 18.9
13 4.54 (m) 79.9 (m) 4.44 (m) 76.7 (M) 4.50 (m) 77.5 (m)
14 454 (m) 72.3 (m) 4.44 (m) 71.6 (M) 4.44 (m) 73.4 (m)

aln CD,Cl; solvent at 293 K. Chemical shifts in ppm. Coupling constants in Hz. Abbreviations: s, singlet; d, doublet; dd, doublet of

doublets; ddd, doublet of doublets of doublets; m, multiplet.

!
O
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% e = \\é— CH,

o v
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~c,—c{ |
b

Figure 2. Two possible diastereoisomers, a and b, with
the thioether group located in equatorial position for
complex 19.

location of this group. H-9 also shows close contact with
the olefinic protons H-11 and H-13. Figure 2 shows the
two possible diastereoisomers, a and b, with the thio-
ether group located in equatorial position for complex
19.

The high value of the coupling constant 3J4-s indi-
cates that the dihedral angle between protons H-4 and
H-5' is nearly 180°, while the low value of the 3J4_5
indicates that the dihedral angle between H-4 and H-5
is nearly 90°.2* When these results are compared with
the relative positions of protons H-4, H-5, and H-5'" in
the different diastereoisomers a and b, we can see that
the diastereoisomer a, with an S configuration for the
sulfur atom and with a chelate ring in a chair confor-
mation, is present. Molecular mechanics calculations
also show that the most stable diastereoisomer is a.

There are similar cross-peaks in the 2D-NOESY
spectrum of complexes 20 and 21.

In summary, the NMR study shows that compounds
[IrH2(cod)(L)]BF4 19—21 are present in only one dias-
tereoisomeric form. It is important to note that this
behavior is unusual since there are generally several
diastereoisomers for these types of complexes.5¢8 This
unprecedented result (note that the coordinated S atom

(24) Jackman, L. M.; Sternhell, S. Applications of NMR Spectroscopy
in Organic Chemistry; Pergamon: London, 1969.
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and the metal center are stereogenic centers) encour-
aged the use of these complexes in asymmetric hydro-
genation.

Asymmetric Hydrogenation of Itaconic Acid.
The iridium complexes containing the thioether-phos-
phite ligands 7—9 were tested in the asymmetric
hydrogenation of itaconic acid at 1 bar of H, and 40 °C.
The catalytic system was generated in situ from [Ir-
(cod)2]BF4 and the corresponding ligand.

Good conversions (100% in 12 h) were achieved in
these hydrogenation reactions.

Enantioselectivities were higher when the catalyst
precursors containing ligands 8 and 9 were used (51%
and 47% with ligands 8 and 9, respectively, vs 22% with
7).

Enantiomeric excesses were moderate, but under
milder conditions they were similar to the best ones for
other mixed P,S-donor ligand systems reported in the
literature.5"!

Experimental Section

General Comments. All syntheses were performed using
standard Schlenk techniques under argon atmosphere. The
compounds [Rh(cod);]BF4,% [Ir(cod);]BF4,2° 1,2-O-isopropy-
lidene-a-p-xylofuranose 126 and phosphorochloridite 627 were
prepared by previously described methods. Solvents were
purified by standard procedures. All other reagents were used
as commercially available. Elemental analyses were performed
on a Carlo Erba EA-1108 instrument. *H, 3C{'H}, and 3'P-
{*H} NMR spectra were recorded on a Varian Gemini 300 MHz
spectrometer. Chemical shifts are relative to SiMe, (*H and
13C) as internal standard or H;PO,4 (°'P) as external standard.
All assignments in NMR spectra were determined by COSY
and HETCOR spectra. Standard-pulse sequences were em-
ployed for the *H-2D-NOESY.?® The phase-sensitive NOESY
experiments used mixing times of 0.4 s. Proton T, studies were
performed using the standard inversion recovery 180°—7—90°
pulse sequence method.?? VG-Autospect equipment was used
for FAB mass spectral analyses. The matrix was m-nitrobenzyl
alcohol. Gas chromatographic analyses were run on a Hewlett-
Packard HP 5890A instrument (split/splitless injector, J&W
Scientific, Ultra-2 25 m column, internal diameter 0.2 mm,
film thickness 0.33 mm, carrier gas 150 kPa He, FID detector)
equipped with a Hewlett-Packard HP 3396 series Il integrator.
Hydroformylation reactions were carried out in a homemade
100 mL stainless steel autoclave. Enantiomeric excesses were
measured after oxidation of the aldehydes to the corresponding
carboxylic acids on a Hewlett-Packard HP 5890A gas chro-
matograph (split/splitless injector, J&W Scientific, FS-Cyclo-
dex f-1/P 50 m column, internal diameter 0.2 mm, film
thickness 0.33 mm, carrier gas 100 kPa He, FID detector).
Absolute configuration was determined by comparing the
retention times with optical pure (S)-(+)-2-phenylpropionic and
(R)-(—)-2-phenylpropionic acids. Infrared spectra were recorded
on a Midac Grams/386 spectrophotometer. Optical rotations
were measured at 25 °C on a Perkin-Elmer 241 MC polarim-
eter. Hydrogenation reactions were performed in a previously
described hydrogen-vacuum line.?® Enantiomeric excesses were

(25) Green, M.; Kuc, T. A.; Taylor, S. H. 3. Chem. Soc. A 1971, 2334.

(26) Kartha, K. P. R. Tetrahedron Lett. 1986, 27, 3415. (b) Vogel,
A. 1. Vogel's Textbook of Practical Organic Chemistry, 5th ed.; Long-
man: New York, 1994.

(27) Jongsma, T.; Fossen, D.; Challa, G.; van Leeuwen, P. W. N. M.
J. Mol. Catal. 1993, 83, 17.

(28) States, D. J.; Haberkorn, R. A.; Ruben, D. J. J. Magn. Reson.
1982, 48, 286.

(29) Cativiela, C.; Fernandez, J.; Mayoral, J. A.; Meléndez, E.; Uson,
R.; Oro, L. A.; Fernandez, M. J. J. Mol. Catal. 1982, 16, 19.
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measured by polarimetry.3® Molecular mechanics calculations
were carried out with the program CERIUS3! developed by
Molecular Simulations (MSI) and the force field UFF developed
by Rappe.®? The electrostatic interactions were taken into
account from the atomic changes generated by Qeq method.33

1,2-O-1sopropylidene-5-O-trifluoromethanesulfonyl-o-
D-(—)-xylofuranose (2). Anhydrous pyridine (0.3 mL, 3 mmol)
was added to a solution of 1,2-O-isopropylidene-a-bp-xylofura-
nose (0.57 g, 3 mmol) in dichloromethane (20 mL). After 10
min, trifluoromethanesulfonic anhydride (0.5 mL, 3 mmol) was
added dropwise at —20 °C, and the mixture was allowed to
react at room temperature for 20 min, after which the solvent
evaporated. The residue was purified by column chromatog-
raphy (hexane/ethyl acetate, 2:1) to produce the triflate (0.6
g, 65%) as a white solid (which decomposed after standing for
12 h at room temperature). Anal. Calcd for CoH13F307S: C,
33.54; H, 4.07; S, 9.95. Found: C, 34.09; H, 4.42; S, 9.08. 'H
NMR (CDCl3): 6 1.31 (s, 3H, CMe), 1.49 (s, 3H, CMe), 2.21 (s,
1H, OH), 4.33 (m, 1H, H-3), 4.45 (ddd, 1H, H-4, 3,5 = 6.1
Hz, 3‘]475' = 6.0 Hz, 3\]473 =39 HZ), 4.52 (d, 1H, H-2, 3\]271 =
3.3 Hz), 4.67 (dd, 1H, H-5', 2J5_5 = 10.8 Hz, 3J5_4 = 6.0 Hz),
4.77 (dd, 1H, H-5, 2Js-5 = 10.8 Hz, 3J5_4 = 6.1 Hz), 5.96 (d,
1H, H-1,3J;-, = 3.3 Hz).23C NMR (CDCls3): 6 26.1 (CMe), 26.7
(CMe), 73.3 (C-5), 74.5 (C-3), 77.4 (C-4), 85.2 (C-2), 105.0 (C-
1), 112.5 (CMe), 118.1 (q, CFs, *Jc—r = 324 Hz). [0]?°p = —17.5
(c = 1, CHCly).

1,2-O-Isopropylidene-5-methylsulfanyl-o-p-(—)-xylo-
furanose (3). A suspension of NaH (0.56 g, 23 mmol) in
paraffin, cleaned twice in hexane, in THF (15 mL) was cooled
to —78 °C, and methanethiol (0.5 mL, 9 mmol) at —78 °C was
added. The resulting solution was stirred and the temperature
raised to 0 °C. After 5 min the solution was cooled to —78 °C
and a solution of compound 2 (1 g, 3.1 mmol) in THF (10 mL)
was added. After 45 min, water (50 mL) was added, the solvent
was evaporated, and the residue was extracted with dichlo-
romethane (3 x 50 mL). The extract was dried over magnesium
sulfate and concentrated. The residue was purified by column
chromatography (hexane/ethyl acetate, 2:1) to produce 0.5 g
(71%) as a white solid. Anal. Calcd for CgH1604S: C, 49.07; H,
7.32; S, 14.55. Found: C, 49.12; H, 7.34; S, 13.99. 'H NMR
(CDClg): 6 1.32 (s, 3H, CMe), 1.50 (s, 3H, CMe), 2.21 (s, 3H,
Me-S), 2.53 (d, 1H, OH, J = 5.7 Hz), 2.84 (m, 2H, H-5', H-5),
4.26 (dd, 1H, H-3, J = 5.7 Hz, 3334, = 2.8 Hz), 4.33 (m, 1H,
H-4), 451 (d, 1H, H-2, 3J,-1 = 3.9 Hz), 5.93 (d, 1H, H-1, 3J;
= 3.9 Hz). 3C NMR (CDClg), 6 (ppm): 16.1 (Me—S), 25.9
(CMe), 26.5 (CMe), 31.2 (C-5), 75.0 (C-3), 79.3 (C-4), 85.1 (C-
2), 104.7 (C-1), 111.7 (CMe). [a]?*°p = —59.4 (c = 1, CHClIy).

1,2-O-Isopropylidene-5-isopropylsulfanyl-o-p-(—)-xylo-
furanose (4). A solution of 2-propanethiol (0.52 mL, 5.6 mmol)
in THF (6 mL) was added to a suspension of NaH (0.56 g, 23
mmol) in paraffin, cleaned twice in hexane, in THF (8 mL).
After 30 min at room temperature, the suspension was cooled
to 78 °C, and a solution of 2 (1 g, 3.1 mmol) in THF (10 mL)
was added. After 20 min, water (50 mL) was added, the solvent
was evaporated, and the residue was extracted with dichlo-
romethane (3 x 50 mL). The extract was dried over magnesium
sulfate and concentrated. The residue was purified by column
chromatography (hexane/ethyl acetate, 2:1) to produce 0.55 g
(72%) as a white solid. Anal. Calcd for C11H2004S: C, 53.20;
H, 8.12; S, 12.91. Found: C, 53.04; H, 8.31; S, 12.78. 'H NMR
(CDClg): 6 1.30 (m, 9H, CMe, Me), 1.50 (s, 3H, CMe), 2.85 (m,
2H, H-5', H-5), 3.1 (m, 1H, CH-S), 4.29 (m, 1H, H-3), 4.33

(30) Lafont, D.; Sinou, D.; Descotes, G. J. Organomet. Chem. 1979,
169, 87.

(31) CERIUS 2, version 3.5; Molecular Simulations Inc., 1997.

(32) (a) Castonguay, L. A.; Rappe, A. K. 3. Am. Chem. Soc. 1992,
114, 583. (b) Rappe, A. K.; Casewitt, C. J.; Colwell, K. S.; Goddard, W.
A, 11; Skiff, W. M. J. Am. Chem. Soc. 1992, 114, 10024. (c) Rappe, A.
K.; Colwell, K. S. Inorg. Chem. 1993, 32, 3438.

(33) Rappe, A. K.; Casewitt, C. J.; Goddard, W. A, I1l. J. Phys.
Chem. 1991, 95, 3358.
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(m, 1H, H-4), 4.53 (d, 1H, H-2, 3J,; = 3.9 Hz), 5.93 (d, 1H,
H-1, 3J;-, = 3.9 Hz). 3C NMR (CDCl3): 6 23.3 (Me), 26.1
(CMe), 26.7 (CMe), 27.8 (C-5), 35.6 (CH-S), 75. (C-3), 79.5 (C-
4), 85.1 (C-2), 104.8 (C-1), 111.7 (CMe). [a]*’p = —44.2 (c = 1,
CHCls).
1,2-O-1sopropylidene-5-phenylsulfanyl-o-b-(—)-xylo-
furanose (5). Treatment of benzenethiol (0.5 mL, 4.9 mmol)
and compound 2 as described for compound 4 afforded com-
pound 5, which was purified by column chromatography
(hexane/ethyl acetate, 2:1). Yield: 0.62 g (72%) of a white solid.
Anal. Calcd for C14H1804S: C, 59.55; H, 6.43; S, 11.35. Found:
C, 59.39; H, 6.51; S, 11.01. *H NMR (CDCls): ¢ 1.29 (m, 3H,
CMe), 1.42 (s, 3H, CMe), 1.78 (s, 1H, OH), 3.15 (dd, 1H, H-5',
2Js-5 = 12.6 Hz, 3Js-4 = 9.2 Hz), 3.31 (dd, 1H, H-5, 2J5_5 =
12.6 Hz, 3Js5_4 = 4.8 Hz), 4.26 (m, 1H, H-3), 4.31 (m, 1H, H-4),
4.51 (d, 1H, H-2,3J,-; = 3.6 Hz), 5.91 (d, 1H, H-1,3J; , = 3.6
Hz), 7.2—7.5 (m, 5H, Ph). 3C NMR (CDCl3): 6 26.0 (CMe),
26.5 (CMe), 31.2 (C-5), 74.6 (C-4), 79.2 (C-3), 87.5 (C-2), 104.7
(C-1),111.8 (CMe), 126.8, 129.1, 130.1, 135.2 (CH=, Ph). [0]*°>
= —59.9 (c = 1, CHCly).
1,2-O-lsopropylidene-3-[(3,3',5,5'-tetra-tert-butyl-1,1'-
biphenyl-2,2'-diyl)phosphite]-5-methylsulfanyl-p-(+)-xy-
lofuranose (7). In situ formed 6 (2.2 mmol) was dissolved in
toluene (5 mL), to which pyridine (0.36 mL, 4.6 mmol) was
added. 1,2-O-lIsopropylidene-5-methylsulfanyl-o-p-xylofura-
nose (0.44 g, 2 mmol) was azeotropically dried with toluene (3
x 1 mL) and dissolved in toluene (10 mmol), to which pyridine
(0.36 mL, 4.6 mmol) was added. The 1,2-O-isopropylidene-5-
methylsulfanyl-a-b-xylofuranose solution in toluene was added
in 30 min to the solution of 6 at room temperature. The
reaction mixture was stirred overnight at reflux, and the
pyridine salts were removed by filtration. Evaporation of the
solvent gave a white foam, which was purified by flash column
chromatography (eluent: toluene, R; 0.35) to produce 0.7 g
(53%) of a white powder (mp 81—82 °C). Anal. Calcd for
Ca7Hs506S: C, 67.45; H, 8.41; S, 4.87. Found: C, 67.75; H, 8.45;
S, 4.98. 1P NMR (CDCl3): 6 145.4 (s, 1P). *H NMR (CDCly):
01.21 (s, 3H, CMe), 1.39 (s, 18H, t-Bu), 1.47 (s, 3H, CMe), 1.50
(s, 9H, t-Bu), 1.53 (s, 9H, t-Bu), 2.0 (Me-S), 2.59 (m, 2H, H-5,
H-5'), 4.11 (m, 1H, H-2), 4.21 (m, 1H, H-4), 4.63 (dd, 1H, H-3,
8J3-4 = 8.4 Hz, 3J3-p = 2.1 Hz), 5.62 (d, 1H, H-1, 3J;—, = 3.3
Hz), 7.0—7.4 (m, 4H, Ph).23.C NMR (CDCls): 6 16.1 (Me—S),
26.1 (CMe), 26.6 (CMe), 31.0 (CH3, t-Bu), 31.2 (CHg, t-Bu), 31.4
(CHg, t-Bu), 31.6 (C-5), 34.5 (C, t-Bu), 35.2 (C, t-Bu), 76.6 (C-
3), 79.8 (d, C-4, Jc—p = 4.6 Hz), 83.9 (d, C-2, Jc-p = 1.8 H2),
104.7 (C-1), 111.6 (CMe), 124.2, 124.3, 126.7, 126.8 (CH=, Ph),
132.8, 140.0, 140.3, 146.8 (C, Ph). [a]?°> = +85.2 (c = 1, CHCly).
1,2-O-lsopropylidene-3-[(3,3',5,5'-tetra-tert-butyl-1,1'-
biphenyl-2,2'-diyl)phosphite]-5-isopropylsulfanyl-p-(+)-
xylofuranose (8). Treatment of in situ formed 6 (2.2 mmol)
and 1,2-O-isopropylidene-5-isopropylsulfanyl-o-p-xylofuranose
(0.49 g, 2 mmol) as described for compound 7 afforded
thioether-phosphite 8, which was purified by flash column
chromatography (eluent: toluene, R¢0.55). Yield: 0.82 g (59%)
of a white powder (mp 80—82 °C). Anal. Calcd for C3gHs906S:
C, 68.19; H, 8.66; S, 4.67. Found: C, 67.94; H, 8.55; S, 4.78.
3P NMR (CDCl3): 6 144.9 (s, 1P). 'H NMR (CDCls): 6 1.17
(s, 3H, CMe), 1.24 (m, 6H, Me), 1.38 (s, 18H, t-Bu), 1.44 (s,
3H, CMe), 1.49 (s, 9H, t-Bu), 1.54 (s, 9H, t-Bu), 2.80 (m, 2H,
H-5, H-5'), 2.99 (sp, 1H, CH-S, 3J_y = 6.3 Hz), 4.14 (m, 1H,
H-2), 4.29 (m, 1H, H-4), 4.77 (dd, 1H, H-3, 3334 = 8.4 Hz, 3J5_p
= 2.4 Hz), 5.71 (d, 1H, H-1, 3J;_, = 3.6 Hz), 7.0-7.5 (m, 4H,
Ph). 3C NMR (CDClg): 6 23.3 (Me), 23.4 (Me), 26.2 (CMe),
26.7 (CMe), 28.2 (C-5), 31.2 (CHs, t-Bu), 31.3 (CHs, t-Bu), 31.4
(CHs, t-Bu), 31.5 (CHs, t-Bu), 34.6 (C, t-Bu), 35.3 (CH-S), 35.4
(C, t-Bu), 76.8 (C-3), 79.9 (d, C-4, Jc—p = 4.8 Hz), 84.0 (C-2),
104.7 (C-1), 111.5 (CMe), 124.2, 124.3, 126.7, 126.8 (CH=, Ph),
132.7,132.9, 140.0, 140.3, 145.4, 146.7 (C, Ph). [a]p® = +112.5
(c =1, CHCIy).
1,2-O-lsopropylidene-3-[(3,3',5,5'-tetra-tert-butyl-1,1'-
biphenyl-2,2'-diyl)phosphite]-5-phenylsulfanyl-b-(+)-xy-
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lofuranose (9). Treatment of in situ formed 6 (2.2 mmol) and
1,2-O-isopropylidene-5-phenylsulfanyl-a-b-xylofuranose (0.56
g, 2 mmol) as described for compound 7 afforded thioether-
phosphite 9, which was purified by flash column chromatog-
raphy (eluent: toluene, R;0.35). Yield: 0.65 g (43%) of a white
powder (mp 82—84 °C). Anal. Calcd for C3;Hs506S: C, 67.45;
H, 8.41; S, 4.87. Found: C, 67.75; H, 8.45; S, 4.98. 3P NMR
(CDCl3): 6145.1 (s, 1P). *H NMR (CDCls): 6 1.05 (s, 3H, CMe),
1.23 (m, 3H, CMe), 1.27 (s, 18H, t-Bu), 1.38 (s, 9H, t-Bu), 1.43
(s, 9H, t-Bu), 2.99 (m, 2H, H-5, H-5'), 4.08 (m, 1H, H-2), 4.15
(m, 1H, H-4), 4.66 (dd, 1H, H-3, 3J3-4 = 8.4 Hz, 3J3_p = 2.7
Hz), 5.60 (d, 1H, H-1, 3J;-, = 3.6 Hz), 7.0—7.4 (m, 9H, Ph).
13C NMR (CDCls): 6 26.2 (CMe), 26.5 (CMe), 31.15 (C-5, CH3,
t-Bu), 31.4 (CH3, t-Bu), 34.5 (C, t-Bu), 35.3 (C, t-Bu), 76.5 (C-
3), 78.5 (d, C-4, Jc_p = 4.6 Hz), 84.0 (d, C-2, Jc_p = 1.7 Hz),
104.7 (C-1), 111.7 (CMe), 124.2, 124.3, 126.7, 126.8, 129.0,
130.0 (CH=, Ph), 132.7, 132.9, 135.4, 140.0, 140.3, 146.8 (C,
Ph). [0]?°p = +49.1 (c = 1, CHClIy).

Preparation of Olefinic Complexes. General Proce-
dure. Thioether-phosphite ligand (0.1 mmol) was added to a
solution of [M(cod);]BF4 (0.1 mmol) in dichloromethane (2 mL).
After 10 min, the desired products were obtained by precipita-
tion with hexane.

[Rh(cod)(7)]BF4 (10): 83 mg (86%) as a yellow solid. Anal.
Calcd for CssHesBF.O6PRHS: C, 56.49; H, 7.06; S, 3.34.
Found: C,56.67; H,7.21; S, 3.43. FAB m/z: 869 [M]. IR (KBr
pellet, cm™%): »(BF,) 1070 (s), 450 (m). 3P NMR (CDCl3): ¢
139.8 (d, 1P, *Jrn-p = 243.8 Hz).'H NMR (CDCl3): 6 1.21 (s,
3H, CMe), 1.33 (s, 9H, t-Bu), 1.34 (s, 9H, t-Bu), 1.40 (s, 3H,
CMe), 1.51 (s, 9H, t-Bu), 1.62 (s, 9H, t-Bu), 2.34 (m, 8H, CHy),
2.67 (Me—-S), 3.12 (m, 1H, H-5'), 3.32 (m, 1H, H-5), 3.86 (d,
1H, H-2, 33, = 3.3 HZz), 4.59 (m, 1H, H-4), 4.93 (m, 3H, H-3,
CH=), 5.53 (m, 2H, CH=), 5.60 (d, 1H, H-1, 3J;, = 3.3 Hz),
7.0—7.5 (m, 4H, Ph). 3C NMR (CDCls): 6 20.4 (Me—S), 26.0
(CMe), 26.5 (CMe), 28.0 (CHy), 28.8 (CH), 30.6 (CHjs, t-Bu),
31.1 (CHjs, t-Bu), 31.2 (CHg, t-Bu), 31.3 (C-5), 31.5 (CHy), 31.9
(CHy), 34.5 (C, t-Bu), 35.3 (C, t-Bu), 76.1 (C-4), 80.0 (m, CH=
), 83.9 (d, C-2, Jp_c = 8.0 Hz), 85.1 (m, C-3), 87.1 (m, CH=),
104.8 (C-1), 110.8 (dd, CH=, Jp_c = 13.7 Hz, Jrn-c = 5.1 Hz),
112.9 (CMe), 115.2 (dd, CH=, Jp-c = 12.6 Hz, Jrh-c = 6.1 Hz),
124.8,124.9,127.2,128.2 (CH=, Ph), 130.0, 130.8, 139.0, 139.4,
148.7, 148.9 (C, Ph).

[Rh(cod)(8)]BF4 (11): 86 mg (87%) as a yellow solid. Anal.
Calcd for C4y7HnBF4O¢PROS: C, 57.32; H, 7.27; S, 3.25.
Found: C,56.98; H, 7.41; S, 3.49. FAB m/z: 897 [M"]. IR (KBr
pellet, cm™1): »(BF,4) 1071 (s), 450 (m). 3P NMR (CDClg): &
131.3 (d, 1P, *Jgrh-p = 266.1 Hz). 'H NMR (CDClg): 6 1.18 (s,
3H, CMe), 1.33 (s, 9H, t-Bu), 1.34 (s, 9H, t-Bu), 1.42 (s, 3H,
CMe), 1.55 (m, 15H, t-Bu, Me), 1.59 (s, 9H, t-Bu), 2.46 (m, 8H,
CH,), 3.19 (m, 1H, H-5'), 3.44 (m, 2H, H-5, CH-S), 3.51 (d,
1H, H-2, 3J,_; = 3.3 Hz), 4.48 (m, 1H, H-4), 4.76 (m, 3H, H-3,
CH=), 5.51 (d, 1H, H-1, 3J;—, = 3.3 Hz), 5.72 (m, 2H, CH=),
7.0—7.5 (M, 4H, Ph). 23C NMR (CDCls): 6 22.5 (Me), 22.9 (Me),
25.7 (CMe), 26.4 (CMe), 27.6 (C-5), 28.1 (CH,), 28.7 (CH,), 30.8
(CHgs, t-Bu), 31.1 (CHgs, t-Bu), 31.3 (CHg, t-Bu), 31.5 (CH,), 32.0
(CHy), 34.6 (C, t-Bu), 35.2 (C, t-Bu), 41.3 (CH-S), 77.7 (C-4),
80.5 (m, CH=), 83.0 (d, C-2, Jp_c = 5.7 Hz), 84.7 (m, C-3), 86.1
(m, CH =), 104.8 (C-1), 111.98 (dd, CH=, Jp_c = 12.6 Hz, Jrn_c
=5.1Hz), 112.8 (CMe), 113.4 (dd, CH=, Jp_c = 12.6 Hz, Jrnc
= 5.2 Hz), 124.8, 124.9, 127.5, 128.1 (CH=, Ph), 129.8, 130.8,
138.8, 139.5, 148.4, 148.8 (C, Ph). 3P NMR (CDCls, 233 K): 6
major isomer (65% according to 3P NMR). 3P NMR (CDCls,
233 K): major isomer 65% 6 135.2 (d, 1P, *Jrn-p = 255.4 Hz),
minor isomer 35% ¢ 127.8 (d, 1P, *Jrn-p = 268.5 Hz).

[Rh(cod)(9)]BF4 (12): 87 mg (88%) as a yellow solid. Anal.
Calcd for CsoHeoBF:O¢PRNhS: C, 58.94; H, 6.83; S, 3.14.
Found: C,59.13; H, 7.11; S, 3.34. FAB m/z: 931 [M*]. IR (KBr
pellet, cm™): »(BF4) 1070 (s), 450 (m). 3P NMR (CDClg): ¢
131.2 (d, 1P, 3Jrn-p = 257.8 Hz). *H NMR (CDCl3): 6 1.13 (s,
3H, CMe), 1.31 (s, 18H, t-Bu), 1.37 (s, 3H, CMe), 1.56 (s, 9H,
t-Bu), 1.59 (s, 9H, t-Bu), 2.21 (m, 8H, CH>), 3.48 (m, 1H, H-5"),



Downloaded by CARLI CONSORTIUM on June 29, 2009
Published on March 14, 2000 on http://pubs.acs.org | doi: 10.1021/0m990638n

1496 Organometallics, Vol. 19, No. 8, 2000

3.66 (m, 2H, H-5, H-2), 4.38 (m, 1H, H-4), 4.84 (m, 3H, H-3,
CH=), 5.1 (m, 2H, CH=), 5.65 (d, 1H, H-1, 3J,_, = 3.6 Hz),
7.0—7.7 (m, 9H, Ph). 3C NMR (CDCls): ¢ 25.7 (CMe), 26.2
(CMe), 27.1 (CHy), 27.4 (CHy), 28.0 (CHy), 30.7 (CHs, t-Bu),
30.9 (CHjs, t-Bu), 31.0 (CHs, t-Bu), 31.2 (C-5), 32.3 (CH,), 34.4
(C, t-Bu), 35.1 (C, t-Bu), 76.7 (C-4), 80.9 (m, CH=), 83.0 (d,
C-2, Jp-c = 5.7 Hz), 83.5 (m, C-3), 86.0 (m, CH=), 104.5 (C-1),
112.7 (CMe), 113.6 (dd, CH=, Jp_c = 12.6 Hz, Jrn_c = 5.1 Hz),
114.8 (dd, CH=, Jp—c = 13.7 Hz, Jgrh-c = 6.3 Hz), 124.9 (CH=
, Ph), 127.0 (C, Ph), 127.3, 127.7 (CH=, Ph), 128.7 (C, Ph),
129.4 (CH=, Ph), 129.8, 130.2 (C, Ph), 130.6, 131.7, 132.7
(CH=, Ph), 138.9, 139.3, 148.4, 148.6 (C, Ph). 3'P NMR (CDCls,
233 K): major isomer 55% ¢ 127.3 (d, 1P, *Jrn-p = 252 Hz),
minor isomer 45% ¢ 137.4 (d, 1P, *Jgrn-p = 251 Hz).

[Ir(cod)(7)]1BF4 (13): 91 mg (87%) as an orange solid. Anal.
Calcd for CssHe7BF4O6PIrS: C, 51.67; H, 6.46; S, 3.06. Found:
C,52.01; H, 6.54; S, 3.31. FAB m/z: 959 [M*]. IR (KBr pellet,
cm™Y): »(BF,) 1072 (s), 450 (m). 3'P NMR (CDCls): 6 120.4 (s,
1P). 'H NMR (CDClg): ¢ 1.24 (s, 3H, CMe), 1.36 (s, 18H, t-Bu),
1.42 (s, 3H, CMe), 1.45 (s, 9H, t-Bu), 1.47 (s, 9H, t-Bu), 2.50
(m, 8H, CH,), 2.86 (Me—S), 3.43 (m, 1H, H-5'), 3.91 (m, 1H,
H-5), 4.01 (m, 1H, H-2), 4.51 (m, 2H, H-4, CH=), 4.62 (m, 2H,
H-3, CH=), 5.18 (m, 2H, CH=), 5.71 (d, 1H, H-1, 83;_, = 3.9
Hz), 7.1-7.5 (m, 4H, Ph). 3C NMR (CDCls): ¢ 21.8 (Me—S),
26.2 (CMe), 26.7 (CMe), 28.4 (C-5), 28.6 (d, CH,, J = 3.4 Hz),
30.7 (d, CH, J = 2.4 Hz), 31.1 (CH3, t-Bu), 31.5 (CHs, t-Bu),
31.7 (CHs, t-Bu), 31.9 (d, CH,, 3 = 3.4 Hz), 33.7 (d, CH,, J =
5.1 Hz), 35.1 (C, t-Bu), 35.3 (C, t-Bu), 35.9 (C, t-Bu), 73.3 (C-
4), 74.9 (m, CH=), 76.6 (C-3), 80.6 (m, CH=), 84.6 (d, C-2, Jp-c
=9.1Hz),102.2 (d, CH=, Jp-c = 116.6 Hz), 105.6 (C-1), 106.7
(d, CH=, Jp_c = 13.8 Hz), 113.4 (CMe), 125.7, 127.8, 128.9
(CH=, Ph), 130.5, 131.3, 139.5, 139.9, 145.9, 148.9, 149.7 (C,
Ph).

[Ir(cod)(8)]BF4 (14): 90 mg (84%) as an orange solid. Anal.
Calcd for C47H7:BF4IrO6PS: C, 52.56; H, 6.66; S, 2.98. Found:
C,52.76; H, 6.98; S, 3.12. FAB m/z: 987 [M*]. IR (KBr pellet,
cm™Y): »(BF,) 1070 (s), 450 (m). 3'P NMR (CDCls): 6 116.5 (s,
1P). H NMR (CDCls), 8: 1.20 (s, 3H, CMe), 1.36 (s, 18H, t-Bu),
1.43 (s, 3H, CMe), 1.59 (m, 15H, t-Bu, Me), 1.61 (s, 9H, t-Bu),
2.36 (m, 8H, CHy), 3.52 (m, 2H, H-5', CH-S), 3.65 (d, 1H, H-2,
8J,-1= 3.9 Hz), 3.81 (m, 1H, H-5), 4.33 (m, 1H, H-4), 4.50 (m,
2H, CH=), 4.83 (m, 1H, H-3), 5.39 (m, 2H, CH=), 5.64 (d, 1H,
H-1, 33, , = 3.9 Hz), 7.0—~7.5 (m, 4H, Ph). 13C NMR (CDCly):
0 23.3 (Me), 26.2 (CMe), 26.8 (CMe), 28.5 (C-5), 29.6 (b, CHy>),
31.2 (CHs, t-Bu), 31.5 (CHs, t-Bu), 31.7 (CHs, t-Bu), 32.8 (b,
CHy), 35.2 (C, t-Bu), 35.3 (C, t-Bu), 35.8 (C, t-Bu), 35.9 (C, t-Bu),
435 (CH-S), 71.7 (C-4), 74.1 (m, CH=), 78.2 (C-3), 80.5 (m,
CH=), 83.8 (d, C-2, Jp_c = 7.4 Hz), 103.8 (m, CH=), 104.7 (d,
CH=, Jp-c = 16 Hz), 105.6 (C-1), 113.4 (CMe), 125.8, 128.2,
128.9, 129.2 (CH=, Ph), 131.5, 139.4, 140.0, 146.2, 146.4, 149.1,
149.7 (C, Ph). 3P NMR (CDCl3, 233 K): major isomer 80% ¢
119.0 (s, 1P), minor isomer 20% ¢ 113.2 (s, 1P).

[Ir(cod)(9)]BF4 (15): 98 mg (83%) as an orange solid. Anal.
Calcd for CsoHesBF4IrOsPS: C, 47.08; H, 5.46; S, 2.51. Found:
C,47.23;H,5.57; S, 2.89. FAB m/z: 1021 [M*]. IR (KBr pellet,
cm™Y): »(BF,) 1073 (s), 450 (m). 3P NMR (CDCls): 6 113.1 (s,
1P). *H NMR (CDCls): 6 1.22 (s, 3H, CMe), 1.31 (s, 18H, t-Bu),
1.45 (s, 3H, CMe), 1.50 (s, 9H, t-Bu), 1.59 (s, 9H, t-Bu), 2.28
(m, 8H, CH,), 3.73 (d, 1H, H-2, 3J,_; = 3.6 Hz), 3.91 (m, 1H,
H-5'), 4.23 (m, 1H, H-5), 4.41 (m, CH=), 4.55 (m, 1H, H-4),
4.74 (m, 1H, H-3), 4.94 (m, 2H, CH=), 5.67 (d, 1H, H-1, 3J;
= 3.6 Hz), 7.0-7.8 (m, 9H, Ph). *3C NMR (CDClz): ¢ 26.3
(CMe), 26.8 (CMe), 28.3 (d, CH3, Jp-c = 2.9 Hz), 28.4 (C-5),
29.5 (d, CHj, Jp-c =3.4 HZ), 31.5 (CH3, t-BU), 31.8 (CH3, t-BU),
32.4 (d, CHa, Jp-c = 3.4 Hz), 33.9 (d, CH2, Jp-c = 3.9 Hz),
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35.1 (C, t-Bu), 35.3 (C, t-Bu), 35.9 (C, t-Bu), 36.0 (C, t-Bu), 73.3
(C-4), 74.0 (m, CH=), 77.4 (C-3), 81.7 (m, CH=), 84.0 (d, C-2,
Jp_c = 6.9 Hz), 105.5 (C-1), 106.4 (d, CH=, Jc_p = 15.5 Hz),
106.6 (d, CH=, Jp-c = 15.5 Hz), 113.6 (CMe), 125.9, 128.3,
128.8, 129.2 (CH=, Ph), 130.6, 131.2 (C, Ph), 133.3, 133.7
(CH=, Ph), 139.5, 140.1, 145.5, 146.1, 149.5, 149.7 (C, Ph). 1P
NMR (CDCls, 233 K): 6 major isomer 65% 117.5 (s, 1P), minor
isomer 35% o6 109.7 (s, 1P).

Preparation of cis-Dihydridoiridium(l11) Complexes.
Hydrogen was bubbled through a solution of [Ir(cod);]BF, (24.7
mg, 0.05 mmol) and ligand (0.05 mmol) in CD,Cl, (0.5 mL) at
0 °C. After 15 min, the solution was either transferred to an
NMR spectrometer tube (*H NMR and 3P NMR were recorded
to the desired temperature) or precipitated with hexane.

[IrH2(COD)(7)]1BF4 (19): Anal. Calcd for CssHgoBF41rOe-
PS: C, 51.57; H, 6.64; S, 3.05. Found: C, 51.34; H, 6.34; S,
2.98. 3P NMR (CDCl3): 6 110.1 (s, 1P). IR (KBr pellet, cm™1):
Vir-n 2139 (m), 2202 (m).

[IrH2(COD)(8)]1BF4 (20): Anal. Calcd for Cs7H73BF41rOe-
PS: C, 52.46; H, 6.84; S, 2.98. Found: C, 52.28; H, 6.87; S,
3.11. 3P NMR (CDCl3): 6 109.0 (s, 1P). IR (KBr pellet, cm™1):
Vir—n 2154 (m), 2201 (m)

[IrH2(COD)(9)]BF4 (21): Anal. Calcd for CsoH71BF41rOe-
PS: C, 54.10; H, 6.45; S, 2.88. Found: C, 54.65; H, 6.57; S,
3.00. 3P NMR (CDCl3): 6 107.9 (s, 1P). IR (KBr pellet, cm™):
Vir-n 2149 (M), 2198 (m).

Hydroformylation of Styrene. The autoclave was purged
three times with CO. The solution was formed from [Rh(acac)-
(C0O)2] (0.013 mmol) and thioether-phosphite (0.015 mmol) in
toluene (10 mL). After pressurizing to the desired pressure
with syn gas and heating the autoclave to the reaction
temperature, the reaction mixture was stirred for 15 h to form
the active catalyst. The autoclave was depressurized, and a
solution of styrene (13 mmol) in toluene (5 mL) was brought
into the autoclave and pressurized again. During the reaction
several samples were taken from the autoclave. After the
desired reaction time, the autoclave was cooled to room
temperature and depressurized. The reaction mixture was
analyzed by gas chromatography.

In Situ HP NMR Hydroformylation Experiments. In
a typical experiment a sapphire tube (¢ = 10 mm) was filled
under argon with a solution of [Rh(acac)(CO),] (0.030 mmol)
and ligand (molar ratio P/Rh = 1.1 and 2) in toluene-ds (1.5
mL). The HP NMR tube was purged twice with CO and
pressurized to the appropriate pressure of CO/H,. After a
reaction time of 15 h shaking at the desired temperature, the
solution was analyzed.

Hydrogenation of Itaconic Acid. In a typical run, a
Schlenk tube was filled with a dichloromethane (6 mL) solution
of substrate (1 mmol) and catalyst precursor (0.01 mmol). It
was then purged three times with H, and vacuum. The
reaction mixture was then shaken under H; (1 bar) at 313 K.
After the desired reaction time, the solvent was removed. The
conversion was measured by *H NMR.
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