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A total of 12 enantiopure 1,2-disubstituted and 1,2,3-trisubstituted ferrocenyl diphosphinegPf1-Ph
2-R,PCH-3-R-Fc, R = Cy, t-Bu, 3,5-(CH),CeHs), R = H, CHs, Ph, 3,5-(CH).CsH3)] have been
synthesized, characterized, and tested in asymmetric rhodium- and ruthenium-catalyzed hydrogenations
of four alkenes and two ketones. The performance of these ferrocene derivatives in catalytic hydrogenations
was compared to those of catalysts based on Josiphost-B&fand Xyliphos [1-PkP-2-R.P(CHs)-

CH-Fc, R= Cy, t-Bu, 3,5-(CH),C¢Hs)]. Dichloro palladium(ll) complexes of Xyliphos and its analogues
lacking the stereogenic center were synthesized as model compounds, and their molecular structures
were studied in solution and, for four complexes, in the solid state. In hydrogenation reactions the
replacement of Xyliphos as the catalyst ligand with its analogues lacking the stereogenic center leads to
changes in product configurations or significant increases or decreases in ee values.

Introduction extended backbones (for example, Taniapbgspr Walphos-

. . . . type ligandsg).8 Even small changes in ligand structure have
Smce the pioneering WOI'.k of Kumada and Hayashi in 1974, a marked influence on catalytic performance, and as a result,
chiral ferrocenyl-based diphosphines have seen enormous,

. . tuning ligands with respect to their electronic and steric
development and now constitute a class of catalyst ligands that SO . A .
. . ) ) ; ) properties is a necessary task in catalyst optimization. While
give outstanding performance in a wide variety of enantiose-

i . 3 . electronic properties are usually changed by attaching electron-
lective reaction$> Among these systems, Josiphos-type withdrawing or electron-donating substituents to either the ligand
diphoshines are certainly the most prominent examples, mainlyb kbon gr more fr ntlg the phosphin b titgnt
since three representatives [Josiphts,PPFt-Bu,, 2; and ackbone or, more frequently, the phosphiné substituents,

Xyliphos, 3 (Chart 1)] are used in industrial hydrogenation gﬂ;‘“ges in str(]erig prfl)_?]erties_ ca}ndbe ar(]:hieved _by ?}”“”_‘ber ?f
processe$?® In recent years, these successful applications of Ifferent methods. ese Include changes in the size o
Josiphos-type ligands have boosted the further development ofPhosphine substituents, addition of buttressing substituents in
ferrocenyl-based diphosphines, and this has led to a number of¢!0S€ Proximity to the phosphine units, or limiting or enhan;:mg
novel ligands with backbones that are either closely related to the conformational flexibility of the ligand backbofe!

that of Josiphos (for example, diphosphi)é or have more ~ Recently, in our search for novel ligand backbones, we
questioned whether restricting the conformational flexibility of

* Corresponding author. E-mail: Walter.Weissensteiner@univie.ac.at. JOSiphos-type ligands by transforming the ethyl side chain into

8 Crystallography. either a homo- or heteroannular bridge (e.g., ligandsd 8)
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c R= Xy| = 3,5'(CH3)206H3

could influence catalytic performané&The results obtained

especially when such a stereogenic center is part of the chelate

for a number of hydrogenation reactions supported the view ring itself. In addition, we wondered whether one could also
that catalysts expected to perform successfully with different exert an influence on the chelate ring conformations or on
substrates, or even in a range of different reactions, require aconformer equilibria by attaching additional Cp substituents in

controlled flexibility rather than very stiff ligand backbones.

close proximity to the chelate ring and how such structural

A few years ago, Kagan's group prepared very close changes would be reflected in the catalyst performance.
analogues of Josiphos-type ligands with planar chirality as the Therefore, it seemed to be of interest to study the influence of

sole source of chirality (e.g., ligan@a and9b, Chart 2)1 In

Cp substituents in position 3 on the conformational flexibility

hydrogenation reactions, high enantioselectivities were obtainedand enantioselectivity and to ascertain whether this could provide

only for a very limited number of alkenes (e.g., for itaconic

an additional parameter for ligand tuning.

acid or methyl itaconate), and in general the scope of these We report here the synthesis of one 1,2-disubstitugm) (
diphosphines seems to be much more limited than that of theand nine 1,2,3-trisubstituted @—12) ferroceny! diphosphines

parent Josiphos-type ligands.

In view of our previous results on homo- or heteroannular
bridged ligands7 and 82 we considered how the lack of a
stereogenic center in ligan@would actually be reflected in
the catalyst performance. FBrand Josiphos-type ligands one
might imagine that in the formation of transition metal
complexes the flexibility of the chelate ring or equilibria of

(Chart 2), all of which are analogues of the 1,2-disubstituted
diphosphines9a and 9b. In addition, in order to study the
coordination behavior of such ligands, dichloro palladium(ll)
complexes of Xyliphos3), i.e., 9¢c, 10¢ 11¢ and 12¢ were
prepared. Structural features of these new ligands and complexes
are described along with a number of catalysis results obtained
with ligands 9—12 in different asymmetric hydrogenation

chelate ring conformers are strongly influenced by the presencereactions of alkenes and ketones. The data obtained are
or absence of a stereogenic center and substituents thereoncgompared to those of Josiphos-type ligands3.

(13) Sturm, T.; Weissensteiner, W.; Spindler, F.; Mereiter, Kpén
Agenjo, A. M.; Manzano, B. R.; Jalp F. A. Organometallics2002 21,
1766.

(14) Argouarch, G.; Samuel, O.; Kagan, H.Bur. J. Org. Chem200Q
2885.

Results and Discussion

Synthesis of Diphosphines 912 and Dichloro Palladium-
(I) Complexes of Ligands 3 and 9e-12c. In most cases,
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¢ R =Xyl =3,5-(CH3),CgH3

enantiopure 1,2-disubstituted ferrocene derivatives are synthe-disubstituted derivative49, 20, and21 [R' = CHjg, Ph, 3,5-
sized enantioselectively from a monosubstituted prochiral (CHs),CgHs). In anotherortho-directed step, a diphenylphos-
precursor or diastereoselectively from a chiral starting material phino unit was attached to the secooidho-position next to
through anortho-directed reaction in which chiral auxiliaries the chiral auxiliaryO-methylephedrine. Finally, reaction of each
are frequently used as tloetho-directing groupt>16QOriginally, of the trisubstituted ferrocenyl phosphino intermedi&2L3,
diphosphine®aand9b and related derivatives were synthesized and24with dialkyl and diaryl phosphines RH [R = Cy, t-Bu,
by Kagan and co-workers by applying the latter approédah. 3,5-(CH)2CsH3] in acetic acid led to the replacement of the
chiral acetal 13, was used as the starting material (Scheme 1, chiral auxiliary and resulted in the final diphosphinEa—
top). Subsequently, in order to shorten the synthesis, we replacedlOc 11a—11¢ and12a—12c[10, 11, 122 R = CHg, Ph, 3,5-
13 by O-methylephedrine derivativié4, and this approach has  (CHs),CgHs; @, b, c: R = Cy, t-Bu, 3,5-(CH;).CsH3).
also been used here for the preparation of the novel Xyliphos The 1,2-disubstituted intermediatd®, 20, and 21 were
analoguedc.*’ synthesized by two different routes. The methyl group was
We started the synthesis of diphosph@tsrom enantiopure  introduced in a three-step sequence (Scheme 3), while the aryl
(1R 2SR,)-N-[(2-diphenylphosphino)ferrocenylmethyl}-meth- groups were attached using only two steps (Scheme 4). Although
ylephedrine {5), which we previously obtained from [R2S)- derivative19 (R' = CHs) could be prepared easily in one step
N-ferrocenylmethylo-methylephedrinel(4)!” and chlorodiphen- by reactingl4in pentane with-BuLi followed by methyl iodide,
ylphosphine in 81% yield (Scheme 1). In the subsequent step,separation o9 from unreacted 4 proved to be rather difficult.
reaction of15 with bis(3,5-dimethylphenyl)phosphine in acetic  For this reason, a more convenient three-step sequence was
acid resulted in the final diphosphinBuj-9¢ (72%). chosen (Scheme 3). In the first stepR(25)-14 was lithiated
All of the trisubstituted ligands 10—12) were prepared as described above and treatment with dimethylformamide as
according to the same general synthesis route, which is depictecthe electrophile gave aldehydeR2SR,)-16 in 89% yield.
in Scheme 2. In the first reaction sequence, which started from Reduction with NaBH in ethanol gave alcohol R2SR;)-17
ortho-directing O-methylephedrine derivativé4, substituents (98%), which was further reduced with triethylsilane under
R were introduced in two or three steps to give the 1,2- acidic condition& to give intermediate ®2SS,)-19 (79%).
Both of the aryl-substituted intermediat®® and 21 were

(15) Clayden, JTop. Organomet. Cher2003 5, 251. synthesized froml4 in two steps (Scheme 4). As reported

(16) Clayden, J. '€hemistry of Organolithium Compound®appoport,
Z., Marek, I., Eds.; Wiley: Chichester, 2004; pp 49546.

(17) Xiao, L.; Kitzler, R.; Weissensteiner, W. Org. Chem2001, 66, (18) Olah, G. A.; Narang, S. C.; Gupta, B. G. B.; MalhotraSgnthesis
8912. 1979 61.
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previously, iodo derivative ®2SR;)-18 is accessible from shifted to lower field as compared to those of the unsubstituted
(1R,29-14 by ortho-lithiation and quenching the reaction reference ligand® (CH,PR,, R = Cy, 12a 7.3 versus—1.0
mixture with iodinel” In the second step, the aryl substituents ppm for9a; R = t-Bu, 12b: 36.2 versus 27.0 ppm f@b; and
[R" = Ph or 3,5-(CH),CgH3] were attached to the ferrocene R = Xyl, 12c —7.4 versus—14.3 ppm for9¢). It is worth
unit in a Suzuki-Miyaura reaction between iodide8 and either noting that-again compared to the unsubstituted diphosphines
phenyl- or 3,5-dimethylphenylboronic aci¥iThese reactions  9a—9c—a much more marked low-field shift is caused by the
were carried out in a mixture of toluene and ethanol as the methyl group linked to the stereogenic center of Josiphos-type
organic solvents, aqueous }&0O; as the base, and Pd(Pfh diphosphined —3 than by the Cp substituents of liganti§—
as the catalyst precursor. The use of these conditions gavel2 [CH(CH3)PR,, R = Cy, 1: 15.7 ppm; R= t-Bu, 2: 49.9
products (R,25S)-20 and (R,25S,)-21in 50 and 80% vyield, ppm; and R= Xyl, 3: 6.5 ppm].
respectively. The assignment of thg, absolute configuration t8 and15—
Each of the 1,2-disubstituted derivativesR(2SS;)-19, 18, as well as the&§, configuration to diphosphinesd—12 and
(1R,2SS)-20, and (R,2SS,)-21 was further reacted in diethyl  intermediatesl9—24, is based on the observation that depro-
ether withs-BuLi, and the reaction mixture was quenched with tonation ofO-methylephedrine derivative 2S)-14 occurs at
chlorodiphenylphosphine to give the 1,2,3-trisubstituted inter- theortho-Cp-carbon located counterclockwise to the ephedrine
mediates (R2SS)-22 (74%), (IR2SS)-23 (69%), and unit (if ferrocene is viewed along an axis defined by the centroid
(1R,2SS,)-24 (84%) (Scheme 2). Finally, reaction of each of of the substituted Cp ring and the Fe atom; Schemes 1, 3, and
these trisubstituted phosphines with dicyclohexylphosphine, di- 4). This was confirmed previously by chemical correlation
tert-butylphosphine, and bis(3,5-dimethyphenyl)phosphine under and subsequently by X-ray diffraction on complexes [RBeCl
acidic conditions resulted in the nine final produta—10¢ (L)], L = (Ry)-9¢, (S)-10¢ and &)-11c (see below). For all
1lla—11c and 12a—12¢ all of which had theS, absolute monophosphineslg, 22—24) and diphosphinesl¢3, 9—12)

configuration. a negative sign for the specific rotation (measured in GHCI
In order to study the coordination behavior of ligar®iand 589 nm) correlates witl§, and a positive sign with th&,
9c—12¢ their dichloro palladium(ll) complexes [Pd@L)], L absolute configuration. On complexation &f 9¢c, and 10c—

= (RS)-3, (R)-9¢, (S)-10c—(S)-12¢ were prepared by 12c to the respective dichloro palladium(ll) complexes, the
reacting the appropriate diphosphines with dichlorobis(aceto- specific rotation always changed sign as compared to that of

nitrile)palladium(ll). the corrt.aspondi.ng free Iigand.. . o
The structural integrity of all compounds was assessed by Enantioselective HydrogenationsDiphosphine ligandsR)-
NMR spectroscopy, and in the cases of [PAO), L = (R.S,)- 9a—(Rp)-9cand §))-10a-c—(S,)-12a—c were tested in catalytic

3, (R)-9¢, ($)-10c and &)-11g single crystals were also hydrogenations of olefins and ketones (for the catalytic results
studied by X-ray diffraction (see below). TR¥® NMR spectra see Table 1; for substrates tested see Chart 3). For the sake of
of diphosphines9—12 show some interesting features. The comparison, all reactions were also run with JosiphBs,}-
signals of the PPphosphorus directly attached to the Cp ring 1. PPF&Blz, (RS)-2, and Xyliphos R.S)-3. In performing

all lie within a very narrow range of chemical shifts¢ —22.2 ~ the hydrogenation reactions we primarily focused on two
to —23.7 ppm) and are essentially unaffected by the nature of aspects: (i) on the overall performance and enantioselectivity
the Cp substituents in position 3. However, the 2R, of the solely planar chiral ligand8—12 as compared to the

phosphorus signals are rather sensitive to 3-substitution and areJosiphos-type ligand$—3 bearing an additional stereogenic
center in the side chain and (i) on the enantioselectivity of

(19) Jensen, J. F.; Satofte, I.: Sgrensen, H. O.; Johannsed, ®tg. complexes of trisubstituted ligand€—12 as compared to the
Chem.2003 68, 1258. disubstituted ligand8. All catalyst precursors were formeal




3534 Organometallics, Vol. 26, No. 14, 2007 Wang et al.

Table 1. Rhodium- and Ruthenium-Catalyzed Hydrogenation of Alkenes and Ketones with LigandsR,S,)-3, (Ry)-9, and

(Sp)-10-12
substrate MAC MCA DMI EAC MPG EOP
entry ligand conv ee conf conv ee conf conv ee conf conv ee conf conv ee conf conv ee conf
1 Josiphos 1 100 94 R 26 26 R 100 995 S 70 61 S 47 23 S 17 53 R
2  Reps=H 98 100 9 R 21 9 R 100 98 S 64 51 S 94 15 S 14 26 R
3 ChHs 10a 100 6 R 13 20 R 100 99 S 20 36 S 32 15 S 10 50 R
4 Ph 1la 100 5 R 100 21 R 100 95 S 84 41 S 80 12 S 1 nd
5 Xyl 12a 100 4 R 100 19 R 100 97 S 85 43 S 90 13 S 1 nd
6 PPFt-Bu, 2 25 2 R 50 10 R 100 10 R 48 43 S 40 57 S 25 29 R
7  Repz=H 9b? 51 16 R 57 25 R 55 18 R 23 31 s 39 36 S 5 36 R
8 CHs 10b 53 6 S 46 24 R 49 42 R 60 44 S 38 38 S 7 45 R
9 Ph 11b 51 5 S 50 25 R 43 25 R 20 26 S 32 30 S 5 25 R
10 Xyl 12b 22 4 S 100 15 R 50 37 R 40 17 S 37 33 S 1 nd
11 Xyliphos 3 100 14 R 7 8 R 96 92 S 5 19 R 13 3 S 10 41 R
12 Rgps3=H 9 100 49 S 6 7 R 82 21 S 42 12 S 18 12 S 10 nd
13 Chs 10c 100 67 S 4 nd 69 16 S 43 27 S 15 9 S <5 nd
14  Ph 11c 100 83 S 6 nd 54 27 S 35 31 S 18 6 S 17 nd
15 Xyl 12c 100 84 S 6 nd 68 24 S 34 26 S 18 6 S 14 26 S

aFor the sake of comparison the absolute configuration of the product is given for ligands wihdbefiguration. For details on reaction conditions
and methods of ee determination see the Experimental Section.

Chart 3. Olefins and Ketones Used as Substrates in Catalytic Hydrogenations.

COOCH; TCOOCHB COOH
P NHCOCH, COOCH; PH

MAC DMI MCA

7 o o

CH,CONH  COOC,Hs Ph
_ OCH, \)J\/U\OC !
0 215

EAC MPG EOP

situ using an appropriate Rh or Ru source, and for a given respective catalystsubstrate combination. In the majority of
substrate all reactions were carried out under identical reactionreactions tested, changing the reference ligahe3 to their
conditions (see Experimental Section). analogues led to only small to moderate changes in enantiose-

It is well known for the reference ligands—3 that, under lectivity. For example, replacement of catalyst ligdnioly 9a—
given reaction conditions, only certain catalystibstrate com- 12ain the hydrogenation of DMI resulted in neither a significant
binations result in both high conversion and high enantioselec- change in enantioselectivity nor conversidn 09.5% eella
tivity. For the substrates tested in our study this is true only for 95% ee; Table 1, entries=b). However, in comparison tb
methylo-(acetamido)cinnamate (MAC) and dimethyl itaconate the reaction of MAC with catalysts modified by the ligargis-
(DMI) as the substrates and Josiphas ¢s the catalyst ligand  12aled to a sharp drop in enantioselectivity [from 94% {o
(Table 1, entry 1) as well as for the combination of DMI and <10% ee; Table 1, entries-5], while conversion still remained
Xyliphos (3, Table 1, entry 11). In all other cases either the quantitative. A similar, though less pronounced, drop in enan-
enantioselectivity or both the conversion and enantioselectivity tioselectivity was observed in the hydrogenation of DMI in
are low to moderate. In view of these results it was of interest combination with ligand8 and analogueSc—12c[from 92%
to see how structural changesln 3, for example the lack of  (3) to <28% ee; Table 1, entries $15].
a stereogenic center (ligan@s, 9b, and 9¢) or the lack of Interestingly, the opposite trend was observed in the reaction
stereogenic center in conjunction with additional Cp substituents of MAC with Xyliphos-type ligands. The hydrogenation of
(10—-12), would influence the catalytic performance. As one MAC with a Xyliphos @3)-modified rhodium catalyst gave the
might expect, the influence of structural changes on conversion corresponding amino acid derivative with only 14% ee, but the
and enantioselectivity is not uniform. For example, the conver- use of ligand9c—12cled to a steady increase in the enanti-
sions remained quantitative in the hydrogenation of substratesoselectivity to 84% 9c. 49%,10c 67%,11c 83%, andl2c
MAC and DMI on changing from ligand to ligands9a—12a 84%; Table 1, entries H15). In this case the change from
(Table 1, entries £5), whereas with DMI the change from  Xyliphos to its analogous ligand without a stereogenic center,
either ligand2 or 3 to ligands9b—12b and9c—12¢ respectively, 9¢, led not only to higher ee values but also to the product with
resulted in a slight decrease in conversion (Table 1, entrid®6  the opposite absolute configuration. The useRB()-3 gave
and 11-15). On the other hand, in reactions that were rather the product ofR configuration, while use of ligandSf)-9c
slow with reference ligand$—3 the change froni, 2, or 3 to resulted in the product of configuration. A similar trend is
the analogous ligands without a stereogenic center could, in aseen in the hydrogenation of the substrate etdy3¢(aceta-
few cases, give increased conversion. An example of the lattermido)crotonate (EAC). The replacement of ligafR]s,)-3 by
phenomenon is the reaction of MCA withas compared to  (S)-9c again resulted in a change in the product configuration
1llaandl12a(Table 1, entries 1, 4, and 5). from Rto S(Table 1, entries 11 and 12).

As with the conversion, the influence of structural changes In summary, comparison of the performance of reference
in the ligands on enantioselectivity strongly depends on the ligands 1, 2, and 3 with that of their solely planar chiral
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analogue®—12 shows that for each of the reference ligands  Table 2. Selected Geometrical Parameters of Complexes
the removal of the stereogenic center is reflected differently.  [PACl(L)] (L = (R.$)-3, (Ry)-9¢, ($,)-10c, and §)-11c)

For example, in all hydrogenations tested it was found that 3 9c 10c 11c

catalysts with the reference ligand Josiphhyave higher enan- Bond Lengths (A)

tioselectivity than those with diphosphinBa—12a, but, apart Pd-ClI1 2.351(3) 2.358(1)  2.353(1)  2.363(1)

from the substrate MAC, changes in ee values remained small Pg:CIZ 2-336((3)) 2-362((1)) 2-343((1)) 2-342((1))
; ; i i Pd-P1 2.214(3)  2.246(1 2.239(1 2.251(1

(Table 1, entries 45). As is the case with Josiphos, replacement i 2256(3) 2256(1)  2240(1)  2.239(1)

of the reference ligand PPFBu, (2) with its analogue®b—

- : —C1 1.813(5) 1.776(2)  1.787(2)  1.793(5)
12b resulted in only small changes in the overall catalyst p>-c11 1.834(9)  1.845(2) 1.846(3) 1.847(5)
performance, but in this case, except for the substrate methyl C2-C11 1.529(11)  1.490(3) 1.499(3) 1.507(7)
phenylglyoxylate (MPG), slight increases in enantioselectivity Bond Angles (deg)
were observed (Table 1, entries-80). Only when Xyliphos Cl1—Pd-CI2 88.6(1) 91.58(2) 91.51(2)  91.64(5)
(3) was replaced by its analogu@s—12cwere more significant ~ P1-Pd-P2 93.6(1)  93.50(2)  94.48(2)  94.20(5)
changes found for several substrates. As already mentioned, in%:gg:gﬂ igg.é(e) 1258@2)  1259(2)  123.5(4)
. ) . 0(6) 125.6(2) 125.1(2)  126.9(4)
the case of DMI this led to a sharp drop in ee values, while for co_c1-p1 128.4(4)  124.5(2) 125.6(2) 125.1(4)
EAC a small decrease and for MAC a very substantial increase c5-C1-P1 123.4(4)  128.1(2) 126.3(2) 127.0(4)
in enantioselectivity was found. In addition, in the hydrogenation gg—gél—clﬁ 116.1(6)  117.2(1) 12161?1-(12()2) 1217171-(?;1()3)
of substrates MAC, EAC, and gthyl 3-oxo-pentanoate (EOP) C4—C3-C3A 126:3(2) 125:3( 2)
the replacement of reference ligaddby 9c—12c caused a Torsion Angle (deg)
; : ; orsion Angle (deg
change in the absolute configuration of the products. C18-PI-C1-C5 —88.1(6) 99.2(2) —881(2) —90.2(5)

Comparison of ligand9a—c with their 3-substituted ana-

logues10a—c—12a-c shows that the influence of Cp substit- ., 42(2) Tilt A”SQ';(Seg) 47(1) 4.4(2)

uents adjacent to the phosphinomethyl unit is rather small. Only .

in the case of substrate MAC and ligar@its-12cis a significant PdICD D'Stafg?sf;&"; Liifggfé?res_g?ggg(g‘) _0.940(11)

increase in ee values observed. P1/Cp 0.11(2)  0.068(3)  0.125(4) 0.056(8)
Molecular Structures and Conformational Variability of P2/Cp —0.53(2) —0.798(4) —0.651(5) —0.631(10)

Complexes [PACHL)] [L = (R,Sy)-3, (Rp)-9¢, and S;)-10c— %X/%P 0.23(2)  0.183(3) O%-gé(%()“) o 0%3(25(9)

12c]. It was observed in the hydrogenation reactions described H7—c|§/><y|2 270(1) 2553(3)  2.616(3) 2.618(6)

above that structural changes made to XylipI®)saé the chiral : ) ] )
catalyst ligand, and in particular the removal of its stereogenic 3)1[BFa], in palladium dichloride complexes [Pd(3)], [PdCl-
center, led to significant changes in ee values. On the basis of(99)]; [PACE(109)], and [PdCy(110] (Figures 1 and 2) the
this information we questioned how these structural changes in"€Spective chelate rings adopt a totally different conformation,
the ligands could be reflected in their respective metal com- With the palladium dichloride unit now in aendoposition. This

plexes. Therefore, palladium dichloride complexes [B{Q) placeg both the side chain-linked phosphorus P2 .and the
of ligands3 and 9c—12c were prepared as model compounds, palladium atom below the Cp plane._ln thls_ (_:onforr_nat|on one
and their structures were determined in the solid state: (@, of the xylyl rings (XyP: C24-C29) is positioned in close
9c—-110 as well as in solution. proximity to Cp (for details see Table 2), and this interaction
The molecular structures of complexes [PHC)] [L = clearly causes significant out-of-plane bending of the methylene

(RS)-3, (R)-9¢, (S)-10c and &)-11d were determined in carbon C_ll, to which the dixylylphosphino unit is linked
the solid state by X-ray diffraction. Details on X-ray crystal- (normal distance of C11 to the Cp least-squares plane: [PdClI
lography are given in Table 3 and in the Experimental Section. (3)10.23 A, [PdCK(90)] 0.18 A [PdCb(}Oc)] 0.22 A, [PdC}-
The absolute configuration of each compound was determined (1101 0-32 A) as well as an Increase n the bond angles-C2
from the X-ray anomalous dispersion effects and was consistentC11~P2 to a maximum of 1187JPdCh(109)]. In the case of
with the chemical evidence. Views of the molecular structures cOmpPlex [PACi(3)], as compared to thexo chelate ring
of these compounds are shown in Figures 1 and 2, and selecteonformation of [Ir(cod)@Ry)-3)][BF 4], the endochelate ring
geometrical data are given in Table 2. conformat!on is accompqnled by a chapge in the side cham
In all solid-state structures of mononuclear metal complexes confc_)rmatlon that results in _the side ch_am methyl group being
of Xyliphos (3) reported to date Xyliphos acts as a bidentate positioned above the substituted Cp ring (normal d|s_t_ance of
ligand2°2LAs in the complex [Ir(cod)&Ry)-3)][BF 412 (Figure CllA to the Cp Ieast.-squares. plane: 1.79 A). In adqlmgn, the
1, right), the chelate ring formed on coordination to the metal Cp rings are slightly tilted against each other, and this tilt also

always adopts a conformation that places the metal unit in an leads to the release of steric strain betweeri @pd the

, . - hosphorus-linked Xylring. A comparison of the molecular
exoposition with the phosphorus atom linked to the ferrocenyl P ™
ethyl side chain and the metal atom positioned above the structures of complexes [Pdll)] (L = 9¢ 106 and11g shows

substituted Cp ring. In this conformation the carbon atom of thag 1:;11ttaching substétt:gntsl to dthte Cp _carbon C.3 t(llqigamfs f
the side chain methyl group (C11A) is located almost in the aln c(j:afs cor’r:_paref Clci eah_shq atn Increase Ir':h € OIIIJ -dq )
least-squares plane of the substituted cylopentadienyl ring (Cp)p_ane detormation o » Which in turn causes the palladium
and the diphenylphosphino unit is oriented in such a way that dichloride unit to move closer to the Cp plane (distance between

- - : I Pd and the Cp least-squares plar®e=0.87 A, 9¢c —1.08 A,
one of the phenyl rings (Ct2C17) is placed in close proximity ~ - ' . . .
to the unsubstituted cylopentadienyl ring (Cp 10c—0.80 A,11¢c—0.94 A). This change is associated with a

Like Xyliphos (3), the analogous diphosphings, 10¢, and counterclockwise rotation of the diphenylphosphino unit about

. : the PEC1 bond of about 10[torsion angle C18P1-C1—
licact as bidentate ligands, but, as compared to [Ir(c8H(- C5: —88.1° (109 and _90.2,[(110) vers%s—99.2’ for the

(20) Dorta, R.; Togni, AOrganometallics1998 17, 5441. enantiomer 09(.:]' . L .
(21) Dorta, R.; Broggini, D.; Stoop, R.;Rgger, H.; Spindler, F.; Togni, In summary, in the solid state the chelate ring in all palladium

A. Chem—Eur. J.2004 10, 267. dichloride complexes [PdgL)] (L = 3, 9¢, 10c and 11¢
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Table 3. Details of the Crystal Structure Determinations of Complexes [PdG(L)] (L = (R,Sy)-3, (Rp)-9¢, (S,)-10c, and &;)-11c)

[PACh(3)]-2CH4CIP [PAChL(90)]*1/2CHCI,1/2GHs0H) [PACh(109)]-solw [PACk(110)]-CH:Cl,
formula CiaHagClsFeRPd Cyo.5H42ClsFeQy sPoPd CioHacCloFeRPd CigHa4aClsFeRPd
fw 1013.71 867.28 815.81 962.80
cryst size, mm 0.4k 0.14x 0.02 0.38x 0.36x 0.14 0.37x 0.18x 0.16 0.28x 0.04 x 0.04
space group P21212; (no. 19) P212,2; (no. 19) P212,2; (no. 19) P21212; (no. 19)
a A 9.348(3) 11.5451(5) 9.7526(5) 9.7252(5)

b, A 18.578(6) 17.7582(8) 19.0518(10) 18.5716(10)
c, A 26.781(9) 18.3153(8) 22.4483(12) 23.1105(14)
v, A3 4651(3) 3755.0(3) 4171.0(4) 4174.0(4)

z 4 4 4 4

Pealo g CNT3 1.448 1.534 1.299 1.532

T, K 297(2) 100(2) 100(2) 100(2)

u, mmt (Mo Ka) 1.142 1.194 1.008 1.144

F(000) 2064 1768 1664 1960

Omax deg 25 30 30 28.3

no. of rfins measd 25035 52 642 61 556 93 507

no. of unique rfins 8142 10927 12 044 10379

no. of rfinsl > 20(1) 2976 10802 11 563 8279

no. of params 353 445 420 491

Ri (I > 20(1))2 0.0778 0.0234 0.0312 0.0497

R: (all data) 0.1628 0.0238 0.0331 0.0738

wR; (all data) 0.1420 0.0556 0.0756 0.1215
Flack abs str param —0.06(5) —0.003(10) —0.017(12) —0.02(2)

diff Fourier peaks —1.01/0.92 —0.40/0.77 —0.71/1.44 —-1.19/1.21

min./max., e A3

ARy = Y||Fo| — |Fell/S|Fol, WR = [T (W(F2 — FAA/Y (W(F2)?)]Y2. P Disordered solvents (1,2-dichloroethane for [P48)] and EtO/CH.CI, for
[PACkL(109)]) were squeezed with the program PLATGNChemical formula and derived quantities for [Pg(C0C)] are given without solvent content.

[PACIx(3)] [Ir(cod)(3)][BF4]
Figure 1. Molecular structures of [PdgB)] and [Ir(cod)@)][BF 4] (from ref 21, anion omitted for clarity).

[PdCIx(9¢)] [PdCIx(10¢)] [PdClx(11¢)]
Figure 2. Molecular structures of [PdgL)] (L = 9c, 10¢ and119 in the solid state.

adopts a conformation in which the palladium dichloride unit tion depends on the coordinating methdjand unit M(L),. With
is in anendaposition. This is particularly striking for the parent  Ir(cod) ([Ir(cod)@)][BF4]) the exochelate ring conformation is
ligand Xyliphos @) since in this case the chelate ring conforma- preferred and with PdgI[PdCL(3)] the endo conformation
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(Figure 1). For complexes of ligands Josiphy §nd PPR-
Bu, (2) such conformational changes are very unlikely. Regard-
less of the metatligand unit, in the solid state in mononuclear
complexes of ligand& and2 the chelate ring has always been
found to have arexaconformation. It is clear that the dixyl-
ylphosphino unit of3 is sterically much less demanding than
the Cy,P andt-Bu,P substituents of and2, and therefore both
exoandendochelate ring conformations are feasible. This view
is supported by the fact that a chelate ring conformation with
the metal unit in arendeposition has been reported in one
complex of a Xyliphos-related diphosphine ligand, [PdCIgEH
(L)] (L = 1-PhP-2-PBPCH(CH)-Fc), in which the dixyl-
ylphosphino group of3 is replaced by a PR unit? In
complexes ofl and?2, in which the chelate ring adopts ande
conformation, one would expect strong steric interactions
between one cyclohexyl) or onetert-butyl substituent?) and
the respective Cping, a fact that strongly disfavors tlemdoe
conformation.

The replacement of liganfic by either10c or 11c causes
comparably small conformational changesainly in the chelate

ring—and these are attributed to steric interactions between the

Cp substituents in position 3 and the dixylylphosphinomethyl

Organometallics, Vol. 26, No. 14, 208537

Chart 4.

Numbering Scheme and Main NOE Interactions
for [PdCI »(9¢)]

[PACL(9¢)]

side chain. However, the presence of the Cp-C3 SUbSt'tuemS’Overhauser enhancements are indicated in Chart 4, and most

CHs (109 and Ph 110 seems to have a very similar influence
since both complexes [Pd{109] and [PdC}(119] have almost
identical molecular structures.

The molecular structures of complexes [P4C)] (L = 3,
9¢, 10c—129 in solution were determined by NMR spectros-
copy, mainly by analyzing nuclear Overhauser interactions. The
assignment ofH, 13C, and®!P signals was made using standard
one- and two-dimensional techniques. THB spectra appear

of these interactions are also characteristic of complexes with
ligands10c—12c In all of these complexes, the observed NOEs
are consistent only with a chelate ring conformation with the
palladium dichloride unit in arendeposition. This follows
primarily from the fact that strong interactions between thé Cp
protons and two different ringsone xylyl (Xyl?) and one phenyl
ring (PY)—are observed. For a conformer with the palladium

as one would expect; on complexation all phosphorus signals dichloride unit in arexoposition, a strong interaction between

are shifted to lower field by about 40 ppm. However, the main
structural information was obtained from proton and predomi-
nately from NOESY spectra. On the basis of the results

Cp and xylyl ortho protons would not be expected since such
an arrangement must lead to both xylyl rings being located
above the substituted Cp ring.

described above one might expect that, as in the solid state, in  However, for the Xyliphos complex [Pd&(8)] the interpreta-

solution complexes [PdgiL)] (L = 3, 9¢, 10c-12¢) could
adopt two chelate ring conformations with the palladium
dichloride unit either in anexo or in an endeposition.
Furthermore, dynamic equilibria of such conformers must also
be considered. A comparison of the proton NMR spectra of all

complexes shows some common features (for the ring and
proton numbering see Chart 4). As compared to the free ligands,
in each case on complexation the signals of the methyl groups

of xylyl ring 1 (Xyl%) and the Cp-H5 and the Cgignals are
shifted to higher field, while the methyl protons of xylyl ring 2
(Xyl?), Cp-H3 @ and9c), and Cp-H4 {0c—120) are shifted to
lower field. In addition, for complexes [Pd€L)] (L = 9c, 10c—
120 the CH, proton H" (Chart 4) always appears at higher field
than the CH proton H' Significant differences in proton

tion of the observed set of NOEs is less obvious. In this case
the signal of the Cpprotons overlaps with the signal of the
side chain CH proton, and therefore interactions between xylyl
ortho protons and Cpprotons (indicative of arendochelate
ring conformation) could not be assigned unequivocally. Only
one cross-peak between protons of the side chain methyl group
and theotho protons of one phenyl group allows the differentia-
tion betweenexo and endochelate ring conformations. Such
an interaction is expected only when the side chain methyl group
[C(11A)Hg] is located above the least-squares plane of the
substituted Cp ring (as in [Pd&£8)]) and not when this methyl
group is located in close proximity to this plane (as in [Ir(cod)-
(3)][BF 4], Figure 1). Therefore, we tentatively assign drele

spectra are seen only in the aromatic region. For complexesconformation to the chelate ring of complex [Pe@)] in

[PACL(L)] (L = 9c¢, 10c—12¢) the appearance of this region of
the spectrum is almost identical, with the signals of dinéo
protons of xylyl ring 1 (Xyt-ortho) always located at highest
field and theortho protons of xylyl ring 2 (Xyf-ortho) at lowest
field. However, in the case of the Xyliphos complex [PgB)]
the appearance of the spectrum is totally different, withotitieo
protons of phenyl ring 2 (Prortho) now at lowest field and
the Xyl'-para proton at highest field.

Like the IH spectra, the NOESY spectra of complexes
[PAChL(L)] (L = 9c¢, 10c—12¢ also show strong similarities.
For complex [PdG(9¢)] the main interactions that cause nuclear

(22) Gambs, C.; Consiglio, G.; Togni, Adelv. Chim. Acta2001, 84,
3105.

solution.

In summary, in the solid state and in solution all palladium
dichloride complexes [PdgL), L 3, 9c—12d adopt a
molecular structure in which the chelate ring is in emdo
arrangement. In the solid state, both the removal of the side
chain methyl group9c versus3) and addition of substituents
in position 3 of the Cp ringX0¢ 11c versus9c) lead only to
small structural changes. However, the fact that in Xyliphos
complexes-depending on the coordinated metégand unit
(ML )—the chelate ring can adopt both teec and theende
arrangement seems to indicate a generally higher conformational
flexibility for Xyliphos-type complexes as compared to Josiphos-
or PPFt-Bu,-type complexes.
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Summary NMR (400 MHz): ¢ 1.00 (dd, 3HJ = 14.1 Hz,J = 7.3 Hz, CH),
A number of solely planar chiral analogues of ferrocenyl gé?,r(;f;(nf yJiSHé)H)Z 229(984%2()éqwaHsz;;HG;(igg‘_f 29
diphosphines Josipho$, PPFt-Buy, 2, and Xyliphos,3, have (m, 1H, Cp-H4), 4.46-4.44 (m, 1H, Cp-H3), 6.98 (s, 1H, Xyl
been tested as catalyst ligands in hydrogenation reactions ofpara), 7.17 (s, 1H, Xy&-para), 7.27 (d, 2H,J = 10.9 Hz, Xyl-
four alkenes and two ketones. For these hydrogenations, asortho), 7.27-7.32 (m, 2H, Phmetd, 7.37-7.44 (m, 1H, Phpara),
compared to catalysts based on the reference ligaradw 2, 7.48-7.56 (m, 3H, PRmetg PH-para), 7.56-7.63 (m, 2H, Ph
the influence of ligands lacking the stereogenic center on ortho), 7.71 (d,J = 11.9 Hz, XyP-ortho), 8.00-8.11 (m, 2H, PA
enantioselectivity was found to be rather small. Only in one ortho). 23C{H} NMR (100 MHz): 6 19.90 (d,J = 1.5 Hz, CH),
case was a severe drop in ee values observed. More significan21.33 (2C, Xyt-CHjz), 21.53 (2C, Xy#-CHjy), 32.67 (ddJ = 27.0
changes were seen for analogues of Xyliphos. In three casesHz, J = 7.7 Hz, CH), 67.76 (ddJ = 57.6 Hz,J = 11.5 Hz, Cp-
the absolute configuration of the product changed when Xyli- Cq), 69.28 (ddJ = 6.9 Hz,J = 2.3 Hz, Cp-C4), 70.69 (5C, Cp
phos was replaced by ligands without a stereogenic center, and’0.90 (ddJ = 7.5 Hz,J = 5.0 Hz, Cp-C3), 73.91 (d] = 3.0 Hz,
in one case the enantioselectivity dropped significantly. A model Cp-C5), 92.82 (dd) = 17.6 Hz,J = 3.8 Hz, Cp-Cq), 127.40 (d
study of the molecular structures of dichloro palladium(ll) = 51.6 Hz, Phipso), 127.77 (d, 2C) = 11.5 Hz, PA-metg, 128.04
complexes of Xyliphos and analogues revealed that for Xyliphos (d: 2C,J = 11.5 Hz, PR-metg, 128.54 (d,J = 53.0 Hz, Phipso),
complexes the conformation of the chelate ring that is formed 130.73 (d,J = 3.0 Hz, PA-para), 131.24 (d,J = 3.0 Hz, Pk-
on complexation of the diphosphine ligand to the metal depends Pard), 131.69 (dJ = 56.9 Hz, Xylipso), 132.11 (d, 2CJ = 10.9
strongly on the co-coordinated metdigand unit ML,. In Hz, Xyl'-ortho), 132.24 (d, 2C)) = 10.9 Hz, XyF-ortho), 132.85
complexes based on Xyliphos the respective chelate ring can(d: J = 3.0 Hz, Xyf-para), 133.42 (d,J = 3.0 Hz, XyF-para),
adopt both theexo and theendeconformation. Attempts to 134.02 (d, 2CJ = 10.7 Hz, Phortho), 135.30 (d, 2CJ = 11.5
" . : . . Hz, PR-ortho), 137.65 (d, 2C,J = 11.7 Hz, Xyl-Cq), 138.15 (d,
use additional Cp substituents for ligand fine-tuning proved = . >
. - 2C,J = 11.7 Hz, Xyl-Cq). Phipsoand Xylipsointerchangeable.
successful only in one case. In the hydrogenation of methyl SP{1H} NMR (162 MH2): 0 +17.11 (d,J = 7.9 Hz), +48.59 (d
o-acetamido-cinnamate the ee value of 49% obtained with theJ — 7.9 Hz). Anal Calcd.for Q)HQOCIzFéBPd: C 58’ 89 H 4 9"1
1,2-disubstituted liganéc could be increased to 84% on using 759 Found: C 58.67, H 4.85, P 7.50. ' R
the 1,2,3-trisubstituted liganti2c [PACIA(Ry)-9¢)]. Yield: 63%. Mp: dec>210°C. [a];2° (nm):
—265 (589),—311 (578),—608 (546) € 0.074, CHCY). 'H NMR
(400 MHz): 6 2.06 (s, 6H, Xy}-CHg), 2.47 (s, 6H, Xy}-CHa),

General CommentsAll reactions required inert conditions and ~ 2-96 (dd, 1HJ = 16.1 Hz,J = 7.1 Hz, Ch-in), 3.50 (ddd, 1H,)
were carried out under an argon atmosphere using standard Schienk” 16-1 Hz,J = 16.1 Hz,J = 5.4 Hz, CH-ouf), 3.68-3.72 (m,
techniques. All solvents were dried by standard procedures and1H, Cp-HS), 3.71 (s, 5H, Cp 4.36 (dd, 1HJ =5.0 Hz,J = 2.5
distilled before usetH, 1*C{H}, and3!P{H} NMR spectra were % Cp-1H4), 4.374.40 (m, 1H, CP-H3), 6.61 (d, 2H = 12.4
recorded on a Bruker DPX-400 spectrometer in CDChemical Hz, Xyl*-ortho), 6.88 (s, 1H, Xyl-para), 7.25 (s, 1H, Xyi-para),
shifts are given relative to CHE(*H: 7.26 ppm), CDG (:3C: 7.40-7.50 (m, 4H, Pkmeta+ Ph-metg, 7.50-7.56 (m, 2H, Pk
77.0 ppm), and 85% PO, (31P: 0 ppm). The coupling constants para + Pk-para), 7.69-7.76 (m, 2H, Pkortho), 7.76-7.83 (m,
in 13C spectra were due f6C—3P or3C—1%F coupling. In the'H 2H, PH-ortho), 8.01 (d, 2H,J = 12.4 Hz, XyF-ortho). **C{*H}
NMR data br s, d, t, and q refer to broad singlet, doublet, triplet, NMR (100 MHz): 6 21.21 (2C, Xyl-CHg), 21.46 (2C, Xy1-CHs),
and quartet, respectively, and; @ 1°C NMR data stands for ~ 28:23 (ddJ=30.7 Hz,J = 8.3 Hz, Ch), 65.60 (ddJ = 63.6 Hz,
quaternary carbon atom. For the signal assignment for complexesJ = 10.1 Hz, Cp-Cq), 69.35 (dd,= 6.9 Hz,J = 3.5 Hz, Cp-C4),
[PACh(L)] (L = 3¢, 9¢, 10G 116 or 120 the numbering scheme  70-50 (5C, Cf), 73.14-73.46 (m, 2C, Cp-C3, Cp-C5), 86.40 @,
depicted in Chart 4 was used. For all other diphenylphosphino- = 17.6 Hz, Cp-Cq), 127.10 (d, = 54.9 Hz, Phipso), 127.57 (d,
and dixylylphosphino-substituted derivatives the term’s PK and 2C,J = 12.2 Hz, PR-metd, 128.95 (d, 2C,J = 11.5 Hz, Pk
Xyl%, Xyl2 are arbitrarily used to denote the phosphorus-linked Metd, 129.32 (dJ = 68.1 Hz, XyHpso), 129.41 (d, 2CJ = 9.9
phenyl and xyly! rings, respectively. Melting points were determined Hz, Xyl*-ortho), 130.77 (d,J = 53.3 Hz, Phipso), 131.16, 131.19,
on a Kofler melting point apparatus and are uncorrected. Mass 131.23 (2C, Pfpara), 132.10 (d,J = 57.5 Hz, XyHps0), 132.16
spectra were recorded on a Finnigan MAT 8230 spectrometer (EI). (d, = 3.1 Hz, XyF-para), 133.67 (d, 2C) = 10.7 Hz, Ph-ortho),
Optical rotations were measured on a Perkin-Elmer 241 polarimeter, 133.89 (d, 2CJ = 11.5 Hz, XyF-ortho), 134.04 (d.J = 2.3 Hz,
Chromatographic separations were performed under gravity either Xyl>-para), 134.67 (d, 2CJ = 11.5 Hz, PRortho), 137.79 (d,
on silica gel (Merck, 4662 um) or on alumina (Merck, activity ~ 2C,J = 11.5 Hz, Xyl-Cq), 138.63 (d, 2C] = 12.2 Hz, Xyl-Cq).
I1—111, 0.063—0.200 mm). Petroleum ether with a boiling range of Ph-metaand PA-metaas well as Phipso and Xylipso inter-
55—65 °C was used for chromatography. changeable®'P{1H} NMR (162 MHz): 6 +20.29 (d,J = 7.9 Hz),

Compounds R,)-9a, (R,)-9b, (1R,29)-14, (1IR2SR,)-15, and +28.29 (d,J = 7.9 Hz). Anal. Calcd for gHszsFeR-PdChL: C
(1IR,2SR,)-18 were prepared according to ref 17. For the synthesis 58.42, H 4.78, P 7.73. Found: C 58.18, H 4.88, P 7.59.

Experimental Section

of ligands Ry)-9¢, (S)-10a—c, (S)-11a—c, and &)-12a—c and
their precursors ®,2SR,)-16, (1IR,2SR,)-17, and (R,2SS,)-19—
24 see the Supporting Information.

General Procedure for the Synthesis of PdGl Complexes.
[PACIy(L)] L = 3c, 9c, 10c, 11c, or 12cA degassed solution of
3¢, 9¢, 10¢ 11¢ or 12¢ (0.1 mmol) in dry benzene (2 mL) was

added to a suspension of dichlorobis(acetonitrile)palladium(ll) (26
mg, 0.1 mmol) in dry benzene (2 mL) through a Teflon tube. The
mixture was stirred for 18 h at rt, and the resulting precipitate was

filtered off and washed with benzene 22 mL) and diethyl ether

(3 x 2 mL) to give the palladium complexes as red solids.
[PACIx((R,Sy)-3)]. Yield: 86%. Mp: dec>270 °C. [0];*°

(nm): +170 (589),+206 (578),+418 (546) ¢ 0.099, CHC}). H

[PACIx((Rp)-10c)]. Yield: 56%. Mp: dec>175 °C. [a];?°
(nm): +50 (589),+50 (578),+150 (546) ¢ 0.006, CHCY). H
NMR (400 MHz): 6 1.93 (s, 3H, Cp-Ch), 2.07 (s, 6H, PRCHy),
2.47 (s, 6H, PRCHy), 2.77 (dd, 1H,J = 15.8 Hz,J = 7.4 Hz,
CHg-in), 3.54 (ddd, 1HJ = 15.8 Hz,J = 15.8 Hz,J = 5.6 Hz,
CH,-out), 3.60 (s, 5H, Cp), 3.62 (t, 1H,J = 2.0 Hz, Cp-H5), 4.33
(t, 1H,J = 2.7 Hz, Cp-H4), 6.64 (d, 2H] = 12.4 Hz, Xyf-ortho),
6.90 (s, 1H, Xy}-pard), 7.26 (s, 1H, Xyi-para), 7.40-7.48 (m,
4H, PH-meta+ PH-metg, 7.48-7.55 (m, 2H, Phpara + PH-
para), 7.69-7.76 (m, 2H, Phortho), 7.76-7.82 (m, 2H, Phk
ortho), 8.04 (d, 2HJ = 12.4 Hz, Xyl-ortho). 13C{1H} NMR (100
MHz): 6 13.06 (CH), 21.23 (2C, Xy}-CHa), 21.47 (2C, Xyi-
CHs), 25.91 (dd,J = 31.5 Hz,J = 8.8 Hz, CH), 71.20 (Cp),
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71.41-71.69 (m, 2C, Cp-C4, Cp-C5), 85.35 (#= 16.8 Hz, Cp-
Cq), 127.00 (dJ = 54.3 Hz, Phipso), 127.52 (d, 2CJ = 11.5
Hz, PH-metg, 128.91 (d, 2CJ = 11.5 Hz, PR-metgd, 129.34 (d,
J=68.0 Hz, P-Xylipso), 129.48 (d, 2CJ = 9.9 Hz, Xyl-ortho),
130.23 (dJ = 71.6 Hz, P-Xylipsog), 131.11 (dJ = 3.0 Hz, Ph-
para), 131.18 (dJ = 3.0 Hz, PR-para), 132.07 (dJ = 57.4 Hz,
Ph-ipso), 132.26 (d,J = 3.0 Hz, Xyl-para), 133.69 (d, 4CJ =
11.5 Hz, XyF-ortho, Pht-ortho), 133.98 (dJ = 3.0 Hz, XyP-para),
134.82 (d, 2CJ = 11.5 Hz, PRortho), 137.88 (d, 2CJ = 12.3
Hz, Xyl-Cq), 138.74 (d, 2CJ = 11.5 Hz, Xyl-Cq). Ph-metaand
Pr-metg Ph-paraand PB-para, as well as Plipsoand Xylipso,
interchangeable; two Cp-Cq not observé®?{'H} NMR (162
MHz): 6 +22.3 (d,J = 7.9 Hz),+28.7 (d,J = 7.9 Hz).

[PACI((Rp)-11c)]. Yield: 42%. Mp: dec>185 °C. [0];?°
(nm): +209 (589),+257 (578),+504 (546) ¢ 0.067, CHC)). *H
NMR (400 MHz): 6 2.09 (s, 6H, Xy}-CHy), 2.57 (s, 6H, Xyi-
CHjg), 2.62 (dd, 1HJ = 16.1 Hz,J = 6.6 Hz, CH), 3.64 (s, 5H,
Cp), 3.68-3.81 (m, 1H, CH), 3.81—3.88 (m, 1H, Cp-H5), 4.64
(t, 1H,J= 2.5 Hz, Cp-H4), 6.49 (d, 2H] = 12.5 Hz, XyF-ortho),
6.84 (s, 1H, Xyl-para), 7.26-7.35 (m, 5H, CpPh), 7.38 (s, 1H,
Xyl2-para), 7.43-7.61 (m, 6H, P-Phmeta P-Phpara), 7.74-7.89
(m, 4H, P-Phertho), 8.18 (d, 2H,J = 12.5 Hz, XyP-ortho). 13C{ H}
NMR (100 MHz): 6 21.16 (2C, Xy}-CHs), 21.50 (2C, Xy#-CHj),
24.80-25.29 (m, CH), 66.06 (ddJ = 63.4 Hz,J = 9.3 Hz, Cp-
C1), 69.75-69.93 (m, Cp-C4), 71.95 (br s, 5C, §pr2.98 (dJ =
3.8 Hz, Cp-C5), 85.18 (d] = 16.3 Hz, Cp-C3), 92.50 (] = 6.9
Hz, Cp-C2), 126.03 (d) = 55.8 Hz, P-Phipso), 127.55 (d, 2CJ
= 3.8 Hz, P-Phmetg, 127.65 (Cp-Ptpara), 128.22 (dJ = 54.1
Hz, P-Phipso), 128.28 (2C, Cp-Pimetg, 129.10 (d, 2CJ = 9.8
Hz, P-Ph-metg, 129.19 (d, 2CJ = 10.7 Hz, XyF-ortho), 129.83
(2C, Cp-Phertho), 130.29 (d,J = 51.8 Hz, P-Xylipso), 131.33
(d, 2C,J = 3.0 Hz, P-Phpara+ P-PR-para), 132.14 (dJ = 3.0
Hz, Xyl'-para), 132.26 (d,J = 58.8 Hz, P-Xylipso), 133.73 (d,
2C,J=11.5 Hz, P-Phortho), 134.25 (d,J = 3.0 Hz, XyP-para),
134.54 (d, 2CJ = 11.5 Hz, P-Phortho), 134.80 (d, 2CJ = 11.5
Hz, Xyl?-ortho), 135.48 (Cp-Phpso), 137.77 (d,J = 12.2 Hz,
P-Xyl-Cq), 138.88 (dJ = 11.6 Hz, P-Xyl-Cq). P-Phand P-PA
Cp-Phmetaand Cp-Phertho, as well as P-Plipsoand P-Xylipsa,
interchangeablé!P{1H} NMR (162 MHz): 6 +23.14 (d,J=7.9
Hz), +29.36 (d,J = 7.9 Hz).

[PACIx((Rp)-12c)]. Yield: 40%. Mp: dec>210 °C. [o];%°
(nm): +27 (589),+36 (578),+91 (546) € 0.135, CHCJ). IH NMR
(400 MHz): 6 2.01 (s, 6H, Xy}-CHg), 2.34 (s, 6H, Cp-Xyl-Ch),
2.55 (s, 6H, Xy#-CHjs), 2.70 (dd, 1H,J = 16.1 Hz,J = 7.0 Hz,
CHy), 3.68 (s, 5H, Cf), 3.72-3.84 (m, 1H, CH), 3.83 (t, IHJ =
2.0 Hz, Cp-H5), 4.594.61 (m, 1H, Cp-H4), 6.50 (d, 2H,= 12.4
Hz, Xyll-ortho), 6.85 (s, 1H, Xyl-para), 6.87 (s, 2H, Cp-Xyl-
ortho), 6.94 (s, 1H, Cp-Xylpara), 7.36 (s, 1H, Xy-para), 7.43—
7.59 (m, 6H, Phmeta Phpara), 7.74-7.84 (m, 4H, Phartho), 8.12
(d, 2H,J = 12.4 Hz, XyP-ortho). 3C{H} NMR (100 MHz): 6
21.19 (2C, Xyl-CHs), 21.50 (2C, Cp-Xyl-CH), 21.67 (2C, Xy#-
CHjs), 70.0:-70.21 (m, Cp-C4), 71.84 (br s, 5C, §p72.84 (d,J
= 3.8 Hz, Cp-C5), 84.59 (dd] = 16.8 Hz,J = 2.3 Hz, Cp-Cq),
126.96 (d,J = 54.75 Hz, P-Phpso), 127.62 (d, 2CJ = 10.7 Hz,
P-PH-metg, 127.67 (2C, Cp-Xylrtho), 129.12 (d, 2CJ = 10.7
Hz, P-PB-metq, 129.14 (dJ = 67.3 Hz, P-Xylipso), 129.27 (d,
2C,J = 11.5 Hz, XyF-ortho), 129.32 (Cp-Xylpara), 130.43 (dJ
= 52.51 Hz, P-Phpso), 131.29 (d, 2CJ = 3.0 Hz, P-Phkpara +
P-PH-para), 132.03 (dJ = 58.1 Hz, P-Xylipso), 132.14 (dJ =
3.0 Hz, Xyk-para), 133.76 (d, 2C,J = 10.7 Hz, P-Pkortho),
134.36 (d,J = 3.0 Hz, XyP-para), 134.40 (d, 2CJ = 11.5 Hz,
P-PR-ortho), 134.71 (d, 2CJ = 10.7 Hz, XyP-ortho), 135.29 (Cp-
Xyl-ipsog), 137.73 (d, 2CJ = 12.0 Hz, P-Xyl-Cq), 137.83 (2C,
Cp-Xyl-Cq), 138.66 (d, 2CJ = 12.0 Hz, P-Xyl-Cq). P-Phand
P-Pi as well as P-Plipso and P-Xylipso interchangeable. CH
and two Cp-Cq signals not observé#{1H} NMR (162 MHz):
0 +22.79 (d,J = 7.9 Hz),+30.34 (d,J = 7.9 Hz).
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Standard Procedure for Hydrogenation ReactionsThe sub-
strate (2.53 mmol) and the catalyst (formedaitu, see below) were
dissolved separately in the appropriate solvent (5 mL) under argon
(total volume: 10 mL). The catalyst solution was stirred for 15 min.
Both the catalyst and the substrate solution were transferred through
a steel capillary into a 180 mL thermostated glass reactor or a 50
mL stainless steel autoclave. The inert gas was then replaced by
hydrogen (three cycles), and the pressure was set. After completion
of the reaction (total reaction times-20 h), the conversion was
determined by gas chromatography and the product was recovered
quantitatively after filtering the reaction solution through a plug of
silica to remove the catalyst. The enantiomeric purity of the product
was determined either by gas chromatography or by HPLC.

The following reaction conditions and methods for ee determi-
nation were applied:

MAC: 2.53 mmol (0.25 mol/L) of MAC; [Rh(NBDj][BF4] +
1.05 equiv of ligand; s/e= 200; solvent: MeOH (10 mL)p(Hy):

1 bar; 25°C; reaction time: 1 h. ee: GC; Chirasil-L-Val, 17C,
isotherm.

DMI: 2.53 mmol (0.25 mol/L) of DMI; [Rh(NBD}][BF4] +
1.05 equiv of ligand; s/e= 200; solvent: MeOH (10 mL)p(Hy):

1 bar; 25°C; reaction time: 1 h. ee: GC; Lipodex E, 8C,
isotherm.

MCA: 2.53 mmol (0.25 mol/L) of MCA; [Rh(NBDj][BF4] +
1.05 equiv of Ligand; s/e= 200; solvent: MeOH (10 mL)p(H,):

5 bar; 25°C; reaction time: 16 h. ee: as methyl ester; HPLC;
Chiralcel OB, Hex*PrOH: 98:2, 0.1 mL/min.

EAC: 2.53 mmol (0.25 mol/L) of EAC: [Rh(NBDB)[BF4] +
1.05 equiv of ligand; s/c= 200; solvent: EtOH (9.5 mL);
CRCH,0OH (0.5 mL); p(Hy): 1 bar; 25°C; reaction time: 16 h.
ee: GC; Lipodex E, 130C, isotherm.

MPG: 2.53 mmol (0.25 mol/L) of MPG; [Rh(NBD)GI[+- 2.1
equiv of ligand; s/c= 200; solvent: toluene (10 mLp(H,): 80
bar; 25°C; reaction time: 20.5 h. ee: HPLC; Chrialcel OJ, Hex/
i-PrOH: 90:10, 1.0 mL/min.

EOP: 2.53 mmol (0.25 mol/L) of EOP; [Rifp-cymene)} +
2.1 equiv of ligand (no pretreatment); s/c200; solvent: ethanol
(10 mL); additive: 1 N HCl(aq), 6Q; p(H2): 80 bar; 80°C;
reaction time: 16 h. ee: as TFA derivative; GC, Lipodex E, 80
°C, isotherm.

X-ray Structure Determination. Crystals of [PACA9¢c)], [PdCk-
(109, and [PdC}(110)] in the form of [PAC}(90)]-(1/2CH.Cl,, 1/
2C,HsOH), [PdCL(100)]-solv, and [PdC(119]-CH,CI, were ob-
tained by slow diffusion of RO into a solution of the corresponding
complex in CHCI, or CH,Cl,/C,HsOH ([PACL(90)]). In the case
of [PAChL(3)] this procedure yielded only unsuitable thin needles.
However, when this complex was crystallized from a highly
concentrated solution in 1,2-dichlorethane, a small plate-like crystal
of [PdChL(3)]-2C,H,Cl, was recovered from a polycrystalline mass.
Crystal data and experimental details are given in Table 3. X-ray
data were collected on Bruker Smart CCD area detector diffrac-
tometers using graphite-monochromated Ma. Kadiation ¢ =
0.71073 A) and 0.3w-scan frames covering complete spheres of
the reciprocal space. Corrections for absorptitf, effects, and
crystal decay were appli€d The structures were solved by direct
methods using the program SHELXS%7Structure refinement on
F2 was carried out with the program SHELXL97.All non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were
inserted in idealized positions and were refined riding with the atoms
to which they were bonded. Solvent disorder was taken into account.
Thus, for [PACJ(3)]-2CH,Cl, and [PdC}(100)]-solv (solv= mainly

(23) Bruker programs:SMART version 5.629;SAINT, version 6.45;
SADABSversion 2.10XPRER version 6.1 SHELXTL. version 6.14; Bruker
AXS Inc.: Madison, WI, 2003.

(24) Sheldrick, G. MSHELX97 Program System for Crystal Structure
Determination; University of Gitingen: Gitingen, Germany, 1997.
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Et,0) the solvents were squeezed with the program PLAPON. details in CIF format for compounds [Pd(3)]-2C,H.Cly,
For [PdCL(3)]-2C,H4CI;, the cyclopentadienyl and benzene rings [PdChL(9¢)]-(CH,Cl,, C,HsOH), [PACL(100)]-solv, and [PdG(114)]-
were idealized. CH,Cl,. This material is available free of charge via the Internet at

http://pubs.acs.org.
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