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Asymmetric metal catalysis has seen tremendous developments

?
in the last decadésThe overwhelming majority of successful chiral e o L .-“; 9?
chelate ligands in late-transition metal catalysis are based on Q/ T ] [ ad gﬂ; .“ o‘.
phosphorus and/or nitrogen. Recently, Hayashi and Carreira have . o W 8»3“ 8 ”3;5_2.'*‘;__@.53
developed alternative chiral diene ligands for asymmetric rhodium °$\* [ ' 5 Ay &im‘ Jaa
and iridium catalysig3 Synthesis of these new dienes as well as LRt i\l' ﬁ‘i AR A )
the more traditional P/N ligands requires multistep synthetic L B oo & & v

procedures with often tedious separation of the enantiomers. A rigyre 1. ORTEP drawings (50% probability) ok R R)-p-tol-BINASO

potentially very readily available chiral ligand class with a well-
known coordination chemistry is represented by sulfoxides.

Considering that these compounds play an important role as chiral

(left, 1) and f (P,RR)-p-tol-BINA SO} RhCl}; (right, 2).

Scheme 1. Synthesis of p-tol-BINASO Ligands

auxiliaries in asymmetric synthedisit is surprising that few O SPTo! @ PT°'
examples exist in which this ligand class participates in homoge- Br _Dlibase; 78°C;

neous metal catalysfs& The use of rhodium bis-sulfoxide com- 2) (1R or 15)-Menthyl

pounds in catalysis is unknowrand successful applications of bis- Sff’:\;)ep 7GR, © oTol @ . ool
sulfoxide ligands in asymmetric transformations have not been 12c-DBBN (M,Ss Sg)-1 (P.Ss,Ss)1
reported’8 or (M,Rs,Rs)-1 or (P.Rs,Rs)-1

We recently decided to investigate chiral bis-sulfoxides as ligands
in LTM catalysis. In this report, we describe our results on the units remains very similar (7421BINASO; 76.0 BINAP). A
preparation of a chiral bis-sulfoxide rhodium(l) complex and its comparison of the RkrRh distances i, in [{ (R)-BINAP} RhCl];,
use as a precatalyst in the asymmetric 1,4-addition of arylboronic and in Hayashi's similarly bulky diene comple(§,3-Ph-bod?% -

acids to cyclica,S-unsaturated ketones and estérs.

The bis-sulfoxide ligand used in our first catalytic application is
a 1,1-binaphthyl derivative similar to the well-known BINAP (1;1
binaphthalene-2,2iyl-bis-diphenylphosphine) ligand developed by
Noyori et al** Compared to BINAP, synthesis of the bis-sulfoxide

RhCI],,1¢ indicates that the ligating properties of bis-sulfoxides
might lie somewhere between diene and bis-arylphosphine ligand
systems’

With catalyst precursa? at hand, we evaluated its performance
in the 1,4-addition of phenylboronic acid to 2-cyclohexenone.

analogue is extremely straightforward and can be done in one singleExperiments carried out in a mixture of dioxane/water/KOH

step from commercially available starting materials according to
Scheme 22 Following the nomenclature for BINAP and its
derivatives, we name this ligamdtol-BINASO (1,1-binaphthalene-
2,2-diyl-bis-(p-tolylsulfoxide, 1). The two atropisomers of the

following Hayashi’'s procedure gave excellent selectivities, but low
overall yields. Gratifyingly, substituting dioxane with toluene led
to complete conversion to the product within 30 min at room
temperature while maintaining high ee values (see Supporting

diastereoisomeric BINASO compounds were easily separated vialnformation for details). Subsequent studies showed that catalyst

column chromatography, independently from whet§eror R-
sulfinates were employed, giving four pure ligands (Scheme 1) in
good overall yield £ 70% based omac-DBBN).13

(P,R,R-p-tol-BINASO [(P,R,R-1] (2 equiv) ligand reacts readily
with [RhCI(CHy4)2]2 in @ methylene chloride solution at room
temperaturé4 Subsequent filtration, concentration and layering with
THF followed by crystallization at-35 °C afforded burgundy
crystals of {(P,R,R-p-tol-BINASO}RhCI}, (2) in high yield
(>90%).

Figure 1 shows the ORTEP drawings of botl,R,R-p-tol-
BINASO (left, 1) and [ (P,R,R-p-tol-BINA SO} RhCl]; (right, 2).
Coordination ofp-tol-BINASO to the metal leads to the expected
sulfur—oxygen bond contraction [SO in 1, 1.4922(16) A; SO
in 2, 1.466(4) and 1.473(4) A], indicating efficientdonation of
the sulfoxide moiety. Comparing the solid-state structur2 with
its phosphine analogué(R)-BINAP} RhCI],,'® reveals a significant
increase in bite angle for BINASO (98)lover BINAP (90.5),

loadings could be diminished to 1.5 mol % Rh without significant
loss of reactivity (In general, 3 mol % Rh have to be used with
phosphine or diene ligands). More importantly, our catalytic system
does not require excess of expensive boronic acid (normally 2
equiv have to be used) and can be run conveniently with
stoichiometric (1.1 equiv) amounts. This is all the more surprising
since throughout our catalytic studies, commercially available
starting materials were used without purification.

Table 1 shows that the catalytic activity &fis excellent with
complete conversion normally achieved within a couple of hours
at 40 °C. The enantioselectivities observed here are among the
highest for the rhodium-catalyzed asymmetric 1,4-addition, the
selectivity being 90% ee and higher in all but one of the reactions
examined (entry 18). Virtually complete selectivity was obtained
with a number of substrates. Usifdi}1,S,3-p-tol-BINA SO} RhCl],

(2) gave the opposite enantiomer with equally high selectivity (entry
2). An interesting possibility arises with chiral, racemic 6-methyl-

whereas the dihedral angle between the planes of the two naphthyl2-cyclohexen-1-one3g). Addition of 2-naphthylboronic acidif)
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Table 1. Catalytic Results with [{(P,R,R)-p-tol-BINASO} RhCl]2 (2) come limitations associated with phosphines. Studies pertinent to

o] H(P.R R-IRCIL, o) the above transformations are underway.
1.5 mol% Rh ' , ,
X)j +1.1eq Ar-B(OH)z%» X)j\ Acknowledgment. We dedicate this work to Prof. David
To|uene(/H280(1831) A Milstein on the occasion of his 60th birthday. R.D. is the recipient
3a-e7 41z 40°C 5 of an Alfred Werner Assistant Professorship and thanks the
3 ; —_ o oot foundation for generous financial support. R.M. and R.D. thank
enty time () yield® (%) of 5 bee the SNF and the University of Zurich (OCI) for support.
1 3a 4 1 99 Gal) 98 (9
2¢ 3a 4] 1 99 (al) 98 R) Supporting Information Available: Experimental procedures and
3 3a 4m 1 97 Gam) 96 CIFs forl and2. This material is available free of charge via the Internet
4 3a 4n 15 86 ban) 98 at http://pubs.acs.org.
5 3a 40 15 90 6aog 98
6 3a 4p 1 92 Gap) 99
7 3 4q 15 93 gaq) 99 References
8 3a 4r 1 94 (Gar) 97 (1) For reviews: (a) Ojima, ICatalytic Asymmetric Synthesis Miley-
9 3a 4s 15 93 bag 99 VCH: New York, 2000. (b) Jacobsen, E. N.; Pfaltz, A.; Yamamoto, H.
10 3a 4t 1 91 Gat) 97 Comprehensie Asymmetric Catalysi$pringer: Berlin, 1999; Vols.43.
11f 3a 4au 1 55 (Gau) 97 (2) (a) Hayashi, T.; Ueyama, K.; Tokunaga, N.; Yoshida,JKAm. Chem.
12 3 4 5 08 20 Soc.2003 125 11508. (b) Tokunaga, N.; Otomaru, Y.; Okamoto, K.;
a v cav) Ueyama, K.; Shintani, R.; Hayashi, T.Am. Chem. So2004 126, 13584
13 3a 4w 1 60 Gaw) 99 (c) Shintani, R.; Okamoto, K.; Otomaru, Y.; Ueyama, K.; Hayashi).T.
14 3a 4x 1 99 (Gax) 90 Am. Chem. SoQ005 127, 54.
15 3a 4y 1 89 Gay) 96 (3) (a) Fischer, C.; Defieber, C.; Suzuki, T.; Carreira, E. MAm. Chem.
16 3a 47 1 90 a2 95 Soc.2004 126, 1628. (b) Defieber, C.; Paquin, J.-F.; Serna, S.; Carreira,
17 3b 41 0.5 99 6bl 96 E. M. Org. Lett.2004 6, 3873. (c) Paquin, J.-F.; Stephenson, C. R. J,;
' 6bl) Defieber, C.; Carreira, E. MOrg. Lett.2005 7, 3821. (d) Paquin, J.-F.;
18 3c 4 3 98 (6cl) 66 Defieber, C.; Stephenson, C. R. J.; Carreira, E.JMAm. Chem. Soc.
19 3d 4] 1 98 (Bdl) 91 2005 127, 10850.
208 3e 4y 1 49 (is-5ey) 94 (4) Calligaris, M.; Carugo, OCoord. Chem. Re 1996 153 83.
49 (trans-5ey) 94 (5) (a) Carreno, M. CChem. Re. 1995 95, 1717. (b) Fernandez, |.; Khiar,

a3a = 2-cylcohexen-1-one3b = 2-cyclopenten-1-one3c = 2-cyclo-
hepten-1-one3d = 5,6-dihydro-2H-pyran-2-one3e = 6-methyl-2-cyclo-
hexen-1-oneP Ar = Ph @l), 4-CHsCgH4 (4m), 4-CICGsH, (4n), 4-FGHa
(40), 4-CHOCeH4 (4p), 3-CHsCeHa (40), 3-CRCeHa (4r), 3-CICH, (49),
3- FGHas (4t), 3-CHsOGsHs (4u), 2-CHsCeHa (4v), 2-FGHa (4w),
1-naphthyl 4x), 2-naphthyl gy), 1-pyrene 42). ¢ Isolated yieldsd Deter-
mined by HPLC analysis with chiral columns (Daicel Chiralcel OD,-©D
H, OJ-H, OB-H or Chiralpak IA).e Using [ (M,SS)-p-tol-BINA SO} RhCl},
(2) as catalystf Using 2 equiv of the boronic acid gives better yields£70
80%).9 Reaction run using 3 mol % of catalyst and 2 equiv of boronic
acid.

to 3egave cis and trans diastereomers in equal amounts and equal
selectivities after separation through silica gel chromatography
(entry 20), a result that is in contrast to the copper-catalyzed 1,4-
addition of alkyk-zinc reagents t8e'8 More intriguingly, epimer-
ization of the methyl group inis-5eyunder thermodynamic control
(NaOMe/MeOH or HCI/MeOH) to give the trans diastereomer does
not occur (see Supporting Information).

Finally, we should note that derivatives dfpftol-BINA SO} -
RhCI]; (2), namely p-tol-BINA SO)Rh(acac) as well as the cationic,
coordinatively saturated®-tolylsulfoxide bound dimer {[p-tol-
BINA SO} Rh](PF)2, are equally effective catalysts for the present
transformation.

In conclusion, we have shown that chiral bis-sulfoxides can be
used successfully as ligands in asymmetric late-transition metal
catalysis. Precatalys{ (P,R,R-p-tol-BINASO} RhCl], (2) shows
high reactivities and excellent selectivities in the 1,4-addition of
arylboronic acids to cyclic, electron-poor double bonds and we are
currently expanding the scope of our catalyst system to other
substrates. In the present protocol, catalyst loadings can be kept
low and excess boronic acid is not required for efficient catalysis.
The key advantage gf-tol-BINASO over known chiral ligands
for this transformation (and for asymmetric LTM catalysis in
general) lies in its extraordinarily easy synthesis. In additieto)-
BINASO and other bis-sulfoxides should be more versatile than
diene ligands and be able to support catalysis involving oxidative
addition processes @HHSIR;, etc.) or carbon monoxide. Further-
more, examples of achiral oxidation catalysis with sulfoxide
palladium compounds' show that this ligand class might over-
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